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This study examined the temporal expression ofcalcitonin gene-related

peptide (CGRP), choline acetyltransferase (ChAT), and low-affinity nerve

growth factor receptor (LNGFR) in hypoglossal motoneurons during

postnatal deve~opment and after hypoglossal nerve injury. CGRP is a

putative neurotrophic factor that coexists with acetylcholine, the

neurotransmitter present in hypoglossal motoneurons. ChAT is a key

enzyme involved in the synthesis of acetylcholine and is a specific marker

for cholinergic neurons. Hypoglossal motoneurons transiently express

LNGFR. These molecules were assessed using immunocytochemistry.

Ribonuclease protection assay was performed to determine ifpeptide

changes were preceded by changes in 0.- CGRP mRNA expression.

Postnatally, CGRP and ChAT are expressed at low levels during the first

postnatal week and increase to maximal levels during the second postnatal

111



week. While ehAT expression is maintained at these levels in adult

motoneurons, CGRP is decreased and maintained at low levels in the

adult. LNGFR is expressed at maximal levels during the first postnatal

week and disappears by the third postnatal week. The onset of the CGRP,

ChAT, and LNGFR changes was the same after axonal damage to

motoneurons of increasing postnatal ages. The progression ofchanges in

CGRP after onset was age-related and likely to depend upon the

developmental stage of motoneuron interaction with its target and/or its

environment. a-CGRP mRNA was upregulated soon after each nerve

injury in the 10 and 21 day postnatal (dpn) rats, but subsequent elevations

in gene expression were limited to the 21 dpn experimental rats. After

onset, the progression ofchanges in ChAT and LNGFR in postnatal

motoneurons was not age-related but injury-specific as reported for adult

motoneurons (Armstrong et aI., 1991, Borke et aI., 1992). The magnitude

of the initial reduction ofChAT w~s injury-specific for the 21 dpn rats but

not for the 10 and 14 dpn rats. In all injury paradigms, ChAT returned to

normal levels by 40 dpo except in the 10 dpn rats nerve transected rats.

The intensity ofLNGFR-IR was greater after crush but the response

persisted longer after nerve transection. Data for quantitative analysis of

neuronal survival and reinnervation suggested that when injury occurs at a

postnatal age when the immunoreactive response ofCGRP paralleled that

of adult motoneurons, neuronal survival could be predicted.
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CHAPTER I.

Introduction

Normal Adult Hypo~lossalNucleus in Rats

The hypoglossal nucleus is located dorsally within the medulla from

the level ofthe pyramidal decussation to the caudal third ofthe opened

fourth ventricle. This nucleus consists ofneuronal cell bodies embedded

in a neuropil ofnerve processes, glial cells, and blood vessels. The

hypoglossal nucleus consists mostly ofneurons that give rise to axons that

innervate the intrinsic and extrinsic musculature ofthe tongue

(Connaughton et aI., 1986). In the rat, the neurons of the hypoglossal

nucleus range widely in size and shape (10-50 flm). The majority (70%)

of the neurons are large (25-50 J...I.m) projection motoneurons to the tongue

musculature (Odutola, 1976; Cooper, 1981). The remainder of the

neurons are small (10-18 flm) local interneurons localized chiefly in the

ventrolateral margin of the nucleus just dorsal to the exiting hypoglossal

nerve (Boone & AIdes, 1984a). Hypoglossal motoneurons can vary from

quandrangular, to bulbous, to fusiform (Cooper, 1981), whereas

intemeurons are round to oval in shape (Boone & AIdes, 1984a). Four to

five dendritic trunks generally radiate from the cell bodies of the

motoneurons and branch into secondary and tertiary branches (Borke et
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aI., 1988). The dendrites remain within the nucleus on the same side,

cross the midline to the opposite nucleus, or extend laterally into the

adjacent reticular formation (Cooper, 1981). A single axon usually

emerges from one of the proximal dendrites. Axons ofmotoneurons exit

at the ventrolateral border of the nucleus and course through the medulla

to emerge from its ventral surface (Boone & Aides, 1984a).

The hypoglossal nucleus is divided into ventral and dorsal subnuclei

(Krammer et aI., 1979). The ventral subnucleus is further divided into

ventromedial and ventrolateral portions. The ventrolateral portion is small

and is located in the caudal third of the hypoglossal nucleus. The

ventromedial portion extends throughout the length ofthe nucleus. The

dorsal subnucleus is not subdivided and lies in the rostral two-thirds of the

nucleus. The hypoglossal nerve is divided into medial and lateral

branches (Krammer et aI., 1979). The medial branch of the hypoglossal

nerve is formed from axons of motoneurons located in the ventral

subnucleus and innervates the geniohyoid (ventrolateral) and genioglossus

(ventromedial) muscles. The lateral branch of the nerve arises from

motoneurons in the dorsal subnucleus and innervates the styloglossus and

hyoglossus muscles. Topographical distribution of hypoglossal

motoneurons innervating the intrinsic muscles have not yet been

determined (Altschuler et aI., 1994). Because the hypoglossal nerve is

purely a motor nerve, it is a good model to study peripheral nerve injury.

The facial and sciatic nerves are frequently..used models in peripheral

2



injury studies. However, since these are mixed nerves motoneuronal

changes can be influenced by the sensory components ofthese nerves.

Synaptic inputs to hypoglossal motoneurons originate chiefly from

the medullary reticular formation, the spinal V complex, and the nucleus

of the solitary tract (Borke et aI., 1983). Inputs to the hypoglossal nucleus

make synaptic contacts on the somata and the dendrites of the large

motoneurons. Four types ofsynaptic terminals have been identified in the

hypoglossal nucleus ofthe rat: S-, C-, F-fP-, and T- boutons (Borke, 1982;

Boone & AIdes, 1984b). Synaptic boutons can be categorizeq into

primarily two categories: spherical and flat/pleomorphic. Spherical

boutons are predominantly found along the length of the dendrites.

Flat/pleomorphic boutons are generally located proximally on the cell

bodies and large dendrites. As in many other systems, the shape of the

synaptic vesicle populations correlates with the functional activity ofthat

terminal (Caunaughton et aI., 1986; Takasu et al., 1987). Specifically,

boutons containing flattened pleomorphic vesicles have been associated

with inhibitory effects, and those with spherical vesicles with excitatory

effects.
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NQrmalJ)evelopini Hypoilossal Nucleus in Rats

During development, the cross sectional area of the nucleus expands

22%. This growth occurs between 7 and 61 days postnatal (dpn), with the

majority ofthe growth taking place between the second and fourth

postnatal weeks (Borke, 1982). As the hypoglossal nucleus matures, the

cell bodies of the developing neurons in the nucleus undergo changes.

Neurons ofyoung rats (7 dpn) contain a slightly eccentric nucleus and an

irregularly folded nuclear membrane. The perinuclear cytoplasm is more

pronounced, often containing polyribosomes and clusters ofrough

endoplasmic reticulum (RER) cisterns which are randomly oriented in the

periphery ofthe nucleus (Borke, 1983). As the rat matures, these features

become less obvious, and by 21 dpn, the neurons contain a centrally

placed nucleus, a regularly contoured nuclear membrane, a less

pronounced perinuclear region and parallel lamellae of RER distributed

throughout the perikarya (Borke, 1983).

As the young rat develops, the surface of the soma undergoes

changes. The surface ofneurons in the hypoglossal nucleus at 7 dpn are

interrupted by somatic spines that disappear by 21 dpn. These spines

contain ribosomes, microfilaments, and smooth-surfaced vesicles (Borke,

1982). They are thought to establish synaptic contact with the surface of

the neurons in 7-10 dpn rats. With increasing age the axosomatic boutons

appear more frequently and contain more vesicles. By 21 dpn axosomatic

boutons constitute the chief structure opposed to the somal surface. S-

4



boutons containing spherical vesicles are the earliest terminals in contact

with the soma at 10 dpn, forming assymetrical axosomatic junctions. F­

boutons are not as numerous until the end of the second postnatal week

and usually form symmetrical junctions with the neuronal somata. C­

boutons, termed subsurface cistern junctions are evident during all

postnatal periods. Although these boutons are occasionally invaginated

into the soma of motoneurons in 7-13 dpn rats, they are not indented into

somata of21 dpn neurons (Borke, 1982).

Denervation Response ofHypoglossal Motoneurons

Adult Retrograde Reaction

Peripheral axonal injury induces a rapid transformation in the

structural and functional state of the neuron. Typically, axotomized

neurons undergo dedifferentation and assume a growing rather than a

transmitting mode (Matthews & Raisman, 1972). The response of the

neurons to peripheral nerve injury is termed the axon reaction. The

neuronal appearance seems altered 7-13 days following axotomy (Hall &

Borke, 1988). Morphological changes in the cell body of the injured

neurons include cell body swelling, nuclear eccentricity and an increase in

nucleolar size (Lieberman, 1971; Grafstein & McQuarrie, 1978).

Another important feature of the axon reaction is central

chromatolysis. Chromatolysis is characterized by a change in the RER.
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Normal RER consists of flat, elongated cisternae arranged in parallel that

are lined with membrane attached ribosomes externally, and have free

polyribosomes interposed between adjacent cisternae. In neurons which

have undergone chromatolysis, the RER is characterized by irregularly

organized and shortened cisternal arrays, and detachment of the membrane

associated ribosomes (Grafstein & McQuarrie, 1978).

Metabolic changes also occur in the nucleus in response to nerve

injury. These changes involve increased RNA synthesis, increased

nucleolar RNA, and increased protein content (Watson, 1968) and are due

to the shift towards a down-regulation in the synthesis of neurotransmitter­

related products and an up-regulation in the synthesis ofgrowth-related

products (Lieberman, 1971).

Developmental Retrograde Reaction

Axonal injury to rats of increasing postnatal ages (10 and 21 dpn)

produces intrasomatic changes which are similar to those observed in the

adult rats after peripheral axotomy. However, major differences exist in

the appearance of the retrograde changes and also, the magnitude of the

intrasomatic reaction is age dependent. Interestingly, in young rats (10

dpn), the same nuclear reaction is observed in spite of the type of

peripheral nerve injury, and it is generally a more exaggerated version of

what is normally observed at this time in development (Borke, 1983). The
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nuclear reaction continues through the first two postoperative weeks, and

then becomes less striking. The first changes in the nucleus are observed

within 3-7 days postoperative (dpo). At this time, the nucleus becomes

extremely displaced, the nuclear membrane becomes deeply infolded, and

free polyribosomes and segments ofRER appe~ to continue to proliferate

and fonn parallel arrays, but by the end ofthe second post-operative week

the cisterns of RER begin to shorten and become disorganized (Borke,

1983).

An interesting capability of immature neurons which is lost in adult

neurons is their ability to engulfcell processes (Barke, 1982). It is

thought that the purpose of this is to isolate the motoneuron from its

surroundings before glial intrusion. Typically, both the S- and C- boutons

become engulfed by the somal protrusions of the young injured neurons.

Engulfed dendritic processes are frequently observed between 13-40 dpo.

In 10 dpn rats, axosomatic contacts and vesicle containing profiles around

the soma are engulfed at 3-7 dpo but appear normal in number. This can

be compared to the displacement ofboutons containing spherical vesicles

which is not apparent until 13-20 dpo (Borke, 1982). The immature

neurons may not be capable of making the structural changes a mature

neuron can make to stabilize synaptic and nonsynaptic attachments

displacing surrounding neuronal processes from the neuronal surface

(Borke, 1982).

7



With respect to the perisomatic changes that occur following

peripheral nerve injury in the 21 dpn rats, there is again a striking

similarity to the responses observed following injury in the adult.

Typically, little if any somal engulfinent ofperisomatic structures is

observed in the mature animals (Borke, 1982). The loosening and

displacement of the boutons occurs very soon after axotomy and is not

dependent on the type of injury (Borke, 1982). Although the reduction in

number ofaxosomatic boutons seems to be ofequal magnitude for each

type of injury, the boutons appear to return to the somata earlier (13-20

dpo) after crush injury in the 21 dpn rats (Barke, 1982). S- and C­

boutons are not frequently seen around the somata by 3-7 dpo after axonal

damage to 21 dpn rats (Borke, 1982).

Neuronal Survival

Adult: different types ofinjury

Motoneurons in mature rats that are separated from their targets

undergo cell death but to a lesser degree than is seen in developing or

young rats. It is thought that this is due to the fact that as animals mature

motoneurons become less dependent on contact with their targets for

survival (Snider et aI., 1992). Although the age of the rat at the time of the

injury is the most crucial factor in determining neuronal survival

(Koliatsos et aI., 1994) several other factors can also playa role. These
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factors include the severity of the nerve injury and whether the

axotomized neurons are located in the PNS or eNS. An adult pattern of

neuronal survival is generally observed by 21 dpn (Snider & Thanedar,

1989). In adult rats, a hypoglossal nerve crush produces little ifany

neuronal cell loss and nearly complete reinnervation is established 20 days

after nerve crush (Borke, 1982; Borke et aI., 1993). When the hypoglossal

nerve is transected or resected, however, neuronal cell loss increases and

varies depending on the severity of the injury (Snider & Thanedar, 1989;

Borke et aI., 1993).

Development: contrast to adult

The most important parameter regulating the degree ofcell loss after

axotomy in mammals is the age at which the axotomy is performed. In

young mammals, axotomy and separation ofmotoneurons from their

peripheral targets results in high levels ofneuronal cell death compared to

adult mammals in which a regenerative response is typical following

axotomy (Snider et aI., 1992). The age at which axons are injured is also

critical to how rapidly the cell loss occurs (Snider et aI., 1992). Target

dependence at early postnatal ages is a general property ofneurons in both

the central and peripheral nervous systems of mammals (Snider &

Thanedar, 1989). Axotomy in developing neonatal and young rats causes

an interruption of the supply oftarget-derived neuronal growth factors

which are thought to playa crucial role in the maturation and survival of

9
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these neurons (Snider et aI., 1992). It is also important to note that the

age-dependent changes associated with axotomy parallel almost precisely

the age-related decreases in dependence ofneurons on growth-factors

(Snider et aI., 1992). Young rats (7 dpn) have been shown to undergo

substantial neuronal loss in the nucleus of the injured peripheral nerve.

This cell loss is apparent from 9-40 dpo. After nerve crush, by 40 dpo, the

number ofneurons in the affected nucleus is reduced by 25% compared to

the uninjured side following nerve crush (Borke, 1982). Nerve crush in 10

dpn rats does not elicit a significant amount ofneuronal loss (13%) until

20 dpo. The loss was considerably less than that of the 7 dpn nerve crush

injuries

As mentioned earlier, the 21 dpn rats display little if any cell loss

following the crush injury. Their response is similar to that observed in

the adult. In the 21 dpn rats, a significant amount ofneuronal cell loss

(17%) followed only the most severe injury in which the transected ends

of the nerve were ligated (Borke, 1982).



Calcitonin Gene-Related Peptide

Calcitonin gene-related peptide (CORP) is a 37 amino acid peptide

synthesized in motoneurons by alternative splicing ofmRNA transcribed

from the calcitonin gene (Amara et aI., 1982; Rosenfeld et aI., 1983).

CGRP occurs in two forms: a-CGRP and ~-CGRP. a-CGRP is produced

in both the central and peripheral nervous systems and in several

endocrine tissues (Amara et aI., 1985). f3-CGRP is amindated at the

COOH-terminal and differs in rats and humans by one and three amino

acids respectively (Noguchi et aI., 1990). p-CGRP mRNA appears to be

expressed in the brain, sensory ganglia, and the thyroid gland in a pattern

similar to that seen for a-CGRP mRNA, however the relative expression

ofeach mRNA varies in different cranial nerve nuclei (Amara et aI.,

1985).

CGRP has been shown to occur throughout the central and peripheral

nervous systems. It is in fact considered one of the most abundant

peptides in the nervous system with CGRP neurons and fibers distributed

widely but unevenly throughout the CNS and PNS (Ishida-Yamamoto &

Tohyama, 1989). CGRP is one of the few peptides found in spinal and

cranial motoneurons of mammals (Skotfitsch & Jacobowitz, 1985; Kruger

et aI., 1988).

CGRP is packaged in neuronal cell bodies and conveyed via

anterograde axoplasmic transport to neuromuscular junctions of skeletal

11
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muscle (lnaishi et aI., 1992; Fernandez & Hodges-SavoIa, 1994) at a rate

of 1 mm/hr (Kashihara et aI., 1989). Very little CGRP is transported

retrogradely back to the cell body indicating that it is released at the

neuromuscular junction (NMJ) (Fernandez & Hodges-SavoIa, 1994). At

the NMJ, CGRP immunoreactivity (CGRP-IR) is confined to the nerve

terminal (Takami et aI., 1985a) where it is stored in large dense core

vesicles (Matteoli et aI., 1990). These vesicles represent a small

percentage of the total vesicle population in motor nerve terminals

(Brewer & Lynch, 1986). Acetylcholine is concentrated in an abundant

population of small clear synaptic vesicles (Matteoli et aI., 1990). As a

result, it is thought that CGRP coexists with acetylcholine in motoneuron

nerve terminals and that its release may exert a neuromodulatory or

neurotrophic effect at the NMJ (Takami et aI., 1985b).

CGRP is thought to be released from axon terminals in a Can

dependent manner (Uchida et aI., 1990). Current information suggests

that CGRP binds to specific receptors on the muscle plasma membrane

(Popper & Micevych, 1989) where it stimulates acetylcholine receptor

(AChR) biosynthesis (Fontaine et aI., 1986; New & Mudge, 1986),

increases the rate of insertion of AChR into the plasma membrane (New &

Mudge, 1986), intensifies nerve-evoked muscle contraction (Takami et al.,

1985a) and elevates intracellular cAMP in the target muscles (Laufer &

Changeux, 1987). When CGRP is applied externally, it has also been

shown to increase the rate ofdesensitization ofAChR (Mulle et aI., 1988)

and receptor channel conductance (Eusebi et aI., 1988). CGRP has also
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been shown to enhance the spontaneous release ofacetylcholine from the

motor end plate (Jinnai et al., 1989). Because specific CGRP binding sites

are localized on the postsynaptic membrane at the NMJ, CGRP is believed

to exert a direct action on skeletal muscle through a receptor independent

from the acetylcholine receptor (Arvidsson et aI., 1993).

Ontogeny ofCGRP in Cranial Motoneurons

CORP expression is highly plastic. Appearance of this peptide is

believed to correspond to the onset ofstriated muscle function. During

development, the appearance of CORP occurs in hypoglossal, facial and

motor trigeminal nuclei during the late prenatal period when suckling

involves lingual, mimetic, and masticatory muscles (Kubota et aI., 1988).

In the rat hypoglossal nucleus, individual CORP immunoreactive cells

have been observed in late prenatal development at E18/19 (Kubota et aI.,

1988; Hares & Foster, 1991). CORP peptide expression increases rapidly

during the early postnatal period and then decreases to adult levels by the

end of the fourth postnatal week (Kubota et aI., 1988; Hares & Foster,

1991).

Response ofCGRP to Deafferentation and Denervation - Adult

The cellular production and expression of CORP with respect to

injury is complex and is influenced by the type of injury as well as

changes in afferent input. When afferent input is interrupted, major



changes occur with respect to the input ofsignals to motoneurons.

Transection ofthe spinal cord results in degeneration of supraspinal

projections to motoneurons below the level ofthe lesion. The cortico-,

tecto-, rubro-, and bulbo-spinal tracts are the main supraspinal fiber tracts

projecting to the spinal cord (piehl et aI., 1991). Contacts with

motoneurons are also made via intemeurons which also receive

supraspinal influence (Marlier et aI., 1990). Typically, spinal cord

deafferentation in the adult rat results in an overall decrease in CGRP-IR

(Arvidsson et al.,1989; Piehl et aI., 1991). After spinal cord transection,

CGRP appears altered within 48 hours. Maximal reduction in CGRP-IR

occurs within the first month (Marlier et aI., 1990). From 3 to 5 months

postoperative, the number ofCGRP immunoreactive cells and the

intensity of the immunocytochemical staining increases resulting in a

partial recovery to normal levels (Arvidsson et aI., 1989). Decreased

CGRP expression after spinal cord transection may be due to the presence

ofa factor which inhibits or suppresses CGRP synthesis in motoneurons

or it may be caused by an interruption of the descending input itself (Piehl

et aI., 1991). The direct removal of some crucial substance normally

acting on the motoneuron or indirectly changing the activity pattern of the

motoneuron may also result in decreased CGRP expression (Arvidsson et

aI., 1989). Interestingly, when a peripheral nerve transection is performed

on a rat that has had a spinal cord transection, CGRP returns to normal

levels in the dorsal hom of the spinal cord. This response may be a

feedback response in which the inhibitory factor which suppressed the

CGRP response is absent (Arvidsson et aI., 1989) or the up-regulation of

14
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CGRP may be controlled by different cellular mechanisms which override

the effect ofa spinal cord transection (Piehl et aI., 1991).

The changes observed in CGRP following deafferentation can be

compared to those observed in the dorsal root ganglion (DRG) after

peripheral nerve injury. Generally, CGRP-IR is colocalized in sensory

neurons containing Substance P (Dumoulin et aI., 1991). Following

sciatic nerve injury, CGRP immunocytochemical levels in DRG sensory

neurons decrease significantly by 5 dpo. By the second postoperative

week, the amount ofCGRP is maximally decreased reaching 45% ofthe

level ofCGRP in the control DRG which persist through 45 days

postoperative (Dumoulin et aI., 1991). Substance P shows a similar

decrease after axotomy (Dumoulin et aI., 1991).

Interestingly, following dorsal rhizotomy an increase in CGRP and

Substance P immunoreactivity is observed in the DRG. This increase is

observed from 1-15 dpo (Inaishi et aI., 1992). As was seen following

double injury, after spinal cord transection, normal levels ofCGRP-IR are

observed when a dorsal rhizotomy is performed on a rat that has had a

sciatic nerve transection 1 week previously (Inaishi et aI., 1992). These

differences would suggest that CGRP expression in sensory neurons may

be regulated by the action of factors via central processes and that injury

in different areas of the nervous system can either stimulate Of inhibit the

release of factofs which effect CGRP expression.
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CGRP Response to Denervation ofMotoneurons - Adult

CGRP peptide and ex. and ~ CGRP mRNA levels are maintained at

low levels in intact, adult motoneurons unless denervation occurs (Streit et

aL, 1989; Haas et al., 1990) or axonal transport is interrupted (Rethelyi et

al., 1991). Nerve crush, transection, or resection ofcranial or spinal

motoneurons produces rapid increases in a, and ~ CGRP mRNA

(Noguchi et al., 1990; Dumoulin et aI., 1991; Saika et al., 1991a) that

precede marked elevations ofpeptide expression. CGRP-IR reaches

maximal levels at 3 days post injury (Streit et aI., 1989; Arvidsson et al.,

1990; Haas et al., 1990; Borke et al., 1993). The paradigm of later

changes in CGRP mRNA (Haas et al., 1990; Noguchi et al., 1990;

Dumoulin et aI., 1991; Saikaet aI., 1991a) and peptide, however, are

dependent upon the type of injury (Borke et aI., 1993). Increased

expression of ex. CGRP mRNA and peptide is sustained after nerve crush

until reinnervation occurs, whereas, transient reductions of ~ CGRP

mRNA (Noguchi et al., 1990; Saika et aI., 1991a) and peptide expression

occur after transection ofthe facial (Dumoulin et aI., 1991) and transection

(Borke et aL, 1993; Grothe, 1993) or resection of hypoglossal nerves

(Borke et al., 1993). In the hypoglossal nucleus the reduction in the

peptide content is followed by a second increase, which begins earlier

after transection than after resection (Borke et al., 1993). The differences

in a. and ~ gene expression after injury suggest that different mechanisms

may control the synthesis of ex. and ~ CGRP. It has been suggested that in
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moton~urons a. CGRP has a trophic action and PCGRP is involved in

neural transmission (Saika et aI., 1991a).

The reason for the increase in CGRP synthesis in response to

axotomy has not yet been determined but increased levels ofCGRP in

regenerating motoneurons suggests a supportive role for the peptide in

neuronal regeneration (Dumoulin et aI., 1992). Changes in the level of

CGRP in the motoneurons may be under the control of the NMJ

(Arvidsson et aI., 1990). Injury may interrupt a retrograde signal at the

NMJ; and this may trigger an acute increase in the production ofCGRP

(Arvidsson et aI., 1990). The CGRP released at the injury site may have

an effect either on Schwann cells, macrophages, and/or fibroblasts, or it

may assist the axon, helping it to find its path to the denervated muscle

(Arvidsson et aI., 1990). CGRP may also help to promote regeneration by

increasing blood flow at the injury site as it is known to be a potent

vasodilator (Brain et aI., 1985). Finally, CGRP could be important in the

survival of the injured motoneuron itself to assist in regeneration. The

increase in CGRP may have an effect around the cell body and dendrites

by acting on glial cells (Haas et aI., 1990). This is supported by the fact

that the peak observed in the biphasic pattern corresponds to the early and

delayed astrocytic reaction observed in the facial nucleus (Dumoulin et aI.,

1991).

Enhanced CGRP expression during development and in response to

motoneuron axotomy emphasizes the role of CGRP in modulating trophic
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functions. To date, no study has investigated what changes in a. CGRP

mRNA and its peptide are produced by motoneuron denervation during

postnatal development. Since CGRP expression is transiently up­

regulated postnatally (Kubota et al., 1988; Hares & Foster, 1991), it would

be of interest to determine if there is a difference in CGRP expression after

nerve injury in rats of increasing postnatal ages. If there is a difference,

then, when during development do the changes in CGRP expression

mimic those elicited in adult rats by the same types ofnerve injury?

Finally, can an upregulation ofCGRP after axonal injury to motoneurons

during postnatal development be correlated with neuronal survival and

reinnervation oftarget musculature as has been demonstrated in adult

motoneurons?

ChQline Acettlttansferase

Choline acetyltransferase (ChAT) is the key enzyme in the synthesis

of the neurotransmitter, acetylcholine, and is a specific marker for

cholinergic neurons (Houser et aI., 1983; Phelps et aI., 1984; Wainer et aI.,

1984). Determination ofChAT immunoreactivity (ChAT-IR) and enzyme

activity has been widely used to localize cholinergic neurons in the CNS

and to study their functions in different nerve injury paradigms. (Phelps et

a1., 1984). Levels ofChAT in the medulla and pons exceed all other CNS

regions of the adult rat brain (Ibanez et aI., 1991). Specifically, the

hypoglossal nucleus, comprised chiefly of large, cholinergic motoneurons,
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contains the highest adult level ofehAT activity (Kobayashi et aI., 1975).

Biochemically, ChAT content in the adult hypoglossal nucleus is two

times higher than in the dorsal motor nucleus and four times higher than

levels in other nuclei such as the nucleus of the solitary tract, the spinal

trigeminal nucleus, as well as the medullary reticular nuclei: pars ventralis

and pars dorsalis (Kobayashi et aI., 1975). For this reason, the

hypoglossal nucleus provides an attractive model to study injury-induced

changes in ChAT expression. In the hypoglossal nucleus, ChAT is

synthesized in the nerve cell bodies and is transported unidirectionally to

axon terminals in the tongue at a rate of2-17 mm/day where it assists in

the production ofACh (Tucek, 1990).

Ontogeny ofCM T in the CNS

ehAT activity is known to be developmentally regulated with the

emergence ofcholinergic neurons at different times in different brain

regions (Phelps et aI., 1984). Differences in the timing and intensity of

ChAT expression throughout the eNS may be correlated to the maturation

ofcholinergic synaptic activity which is manifested by individual cells or

groups of neurons (Ibanez et aI., 1991). ChAT expression during

development appears in a caudal to rostral fashion. In the rat spinal cord,

ChAT mRNA has been detected as early as E13 until birth (Ibanez et aI.,

1991), increasing to adult levels by 3-4 postnatal weeks (Phelps et aI.,

1984). In the cortex and hippocampus, a sharp increase in ChAT activity
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occurs within 10 days after birth reaching adult levels by the third

postnatal week (Large et aI., 1986).

Response ofeMT to Denervation - Adult

Reductions in ChAT after axotomy have been documented by

biochemical (Wooten et aI., 1978) and immunocytochemical (Lams et aI.,

1988; Armstrong et aI., 1991; Borke et aI., 1993; Chiu et aI., 1994; Rende

et aI., 1995) studies. In adult hypoglossal motoneurons, there is a transient

decrease in ChAT-IR that is influenced by the type ofnerve injury. A

modest, short term reduction in ChAT-IR follows nerve crush (Armstrong

et aI., 1991; Moix et aI., 1991; Borke et aI., 1993; Rende et aI., 1995),

whereas nerve transection (Armstrong et aI., 1991; Borke et aI., 1993;

Rende et aI., 1995) or nerve resection (Barke et aI., 1993) results in an

almost complete disappearance ofehAT staining for several weeks.

Although the significance of the decrease is not clear, it is postulated to be

related to a reordering ofthe metabolic priorities in the injured neuron so

that the synthesis of neurotransmitter-related enzymes is decreased and the

expression of structural proteins for axonal regrowth is augmented

(Matthews & Raisman, 1972; Svensson & Adlskogius, 1993).

In all of the injury paradigms, the effects on ChAT-IR are reversible

and reinnervation is not necessarily required for the restoration ofnormal,

noninjured ChAT levels (Borke et aI., 1993; Chen et aI., 1995). However,

the return ofChAT to normal levels was gradual and associated with the
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type of injury. The recovery ofChAT to normal levels was related to the

timing of reinnervation and occurred by 20 dpo after nerve crush (Borke et

aI., 1993). For nerve transected and resected rats, recovery ofChAT to

normal levels at 50 dpo did not coincide with reinnervation of lingual

musculature (Borke et aI., 1993). This target-independent behavior in the

return ofChAT after nerve injury, is reminiscent of the initial induction of

ChAT expression in development; spinal motoneurons in the rat embryo

express immunoreactivity before target contact is made (Phelps et aI.,

1994, 1991). In these motoneurons, levels ofChAT continue to increase

dwing the early postnatal period, when transmitter release from the nerve

terminals is augmented (Phelps et aI., 1984), suggesting that maintenance

of transmitter phenotype is influenced postnatally by nerve-target

interaction.

Application ofvincristine, an inhibitor that blocks axonal transport

also produces decreased ehAT expression in hypoglossal motoneurons

(Moix et al., 1991; Greeson et aI., 1992). Additionally, it has been shown

that decreased ChAT expression can not be used as an index for predicting

injury induced cell death (Lams et aI., 1988). The fact that the

disappearance ofChAT-IR does not successfully predict cell death or

successful reinnervation (Lams et aI., 1988; Borke et a1., 1993) supports

the premise that enzymes involved with intracellular transmission undergo

substantial variation and that their expression can be regulated

independent of factors that determine neuronal survival or degeneration

following injury (Lams et aI., 1988).
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ChATStudy - Current Investigation

Postnatal development is characterized by alterations in the

expression ofenzymes and peptides as the priorities of the motoneuron

mature switch from growth to neural transmission. During development,

levels ofChAT-IR in the spinal cord increase and do not reach adult levels

until 21-28 dpn (Phelps et aI.., 1984). This increase coincides with a period

of substantial development of motor function. A study detailing the

postnatal changes in ChAT and the response of this enzyme to different

types ofnerve injury during postnatal development would be of interest in

correlating the axotomy-induced response ofco-localized molecules ACh

andCGRP.

Low Affinity Nerve Growth Factor Receptor

Neurotrophic factors are necessary for the normal development and

maintenance of the central and peripheral nervous systems. Neurotrophins

belong to the classification ofneurotrophic factors which are retrogradely

transported from the CNS or from peripheral targets to assist in the

survival and maintenance ofneurons expressing their specific receptors.

The neurotrophin family consists ofnerve growth factor (NGF), brain­

derived neurotrophic factor (BDNF), neurotrophin 3 (NT-3), and

neurotrophin 4/5 (NT-4/5) (Barde, 1989, Glass & Yancopoulos, 1993).
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Two types of receptors bind the neurotrophin family; a high affinity

form and a low affmity form. The effects of neurotrophins are mediated

through interaction with their specific high affinity receptors (DiStephano

et aI.., 1992). Members ofthe tyrosine kinase (Trk) family ofreceptors:

Trk A, Trk B, and Trk C encode the essential components of the high

affmity receptors for NGF, BDNF, and NT-3, and NT-4/5 and mediate

their binding, uptake, and retrograde transport in vivo (DiStephano et aI.,

1992). NGF mediates its effects through Trk A; BDNF and NT-4/5 via

Trk B; and NT-3 interacts via mainly Trk C but can also bind to Trk A and

Trk B (DiStephano et aI.., 1992, Wong et aI., 1993). High affinity

receptors can readily discriminate between the neurotrophins and only

bind to its specific neurotrophin (Rodriguez-Tebar, 1992). All members

of the neurotrophin family are capable of binding to the low affinity

neurotrophic receptor, known also as low affinity nerve growth factor

receptor (LNGFR) with similar affinity (Rodriguez-Tebar, 1992).

Ontogeny ofLNGFR in Motoneurons

Developing brainstem and spinal motoneurons are known to express

LNGFR but not the high affinity form of the receptor (Yan & Johnson,

1988). Typically, LNGFR is expressed in brainstem and spinal

motoneurons between E13-18 (Yan & Johnson, 1988, Ernfors et aI.,

1989), peaks at birth (Yan & Johnson, 1988), and disappears during the

final stages of maturation over the second postnatal week (Yan & Johnson,

1988; Emfors et a1., 1989; Chiu et aI., 1993). It is thought that the
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presence ofLNGFR is associated with target innervation and synapse

formation (Van & Johnson, 1988; Ernfors et aI., 1989). Mature

motoneurons retain the ability to express LNGFR and reexpression is seen

following injury (Emfors et aI., 1989; Wood et aI., 1990; Armstrong et aI.,

1991; Koliatsos et aI., 1991; Moix et aI., 1991; Saika et aI., 1991b;

Greeson et aI., 1992; Hayes et aI., 1992; Rende et aI., 1992; Chiu et aI.,

1993, Rende et al., 1993; Rende et aI., 1995).

Response 0/LNGFR to Denervation ofMotoneurons - Adult

Nerve crush in adult rats produces an intense LNGFR reaction in

spinal and brainstem motoneurons (Wood et aI., 1990; Saika et aI., 1991b;

Hayes et aI., 1992; Rende et aI., 1995); whereas nerve transection produces

an LNGFR response that is longer in duration compared to crush injury

(Wood et aI., 1990; Armstrong et aI., 1991; Saika et aI., 1991b; Hayes et

aI., 1992; Rende et aI., 1995). This effect is opposite to that seen in

sensory neurons where LNGFR is expressed under normal conditions,

down regulated after nerve injury, and recovered after nerve regeneration

(Verge et aI., 1989). Although the function ofLNGFR in developing and

regenerating motaneurons is not known (Yan et aI., 1988), its expression

appears to be associated with periods of axonal growth and maturation.

The signal for the induction ofLNGFR following peripheral nerve

injury is dependent on a signal from the injury site. This is evident based

on studies documenting the failure ofLNGFR to be reexpressed when
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axonal transport is blocked chemically (Moix et aI., 1991; Greeson et

a!., 1992; Hayes et aI.., 1992), or substances are applied that are known to

cause toxic nerve damage (Rende et aI., 1993), or the proximal end ofa

transected nerve is ligated after injury (Wood et aI., 1990).

The essential role of neurotrophic factors in motoneurons during

development and after nerve injury is support and maintenance.

Since the classic neurotrophic effects ofNGF are not observed when it is

bound to the low affinity receptor and since the high affmity type is not

present in motoneurons after injury this may explain why the classic NGF

response is not observed (Wood et aI., 1990) and suggests that perhaps

some other neurotrophic factor may bind to LNGFR such as BDNF, NT-3,

or NT-4/5 (Barde, 1989; Rodriguez-Tebar et aI., 1990, 1992; Glass &

Yancopoulos, 1993; Yan et aI., 1993).

While motoneurons fail to express the Trk A receptors they are

capable ofexpressing Trk Band Trk C mRNAs during development (Yan

et aI., 1993) and into adulthood (Koliatsos et aI., 1993;Yan et aI., 1993).

Furthermore, target muscle cells normally contain BDNF and NT-3

(Henderson et al., 1993) and nerve injury up-regulates the expression of

BDNF and NT-4/5 in nonneuronal cells surrounding the distal ends of

injured sciatic nerve (Meyer et a1., 1992; Funakoshi et aI., 1993). Based

on recent studies demonstrating that LNGFR can function as an auxillary

molecule for Trk B it has been suggested that the increased expression of
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LNGFR following peripheral nerve injury may enhance the sensitivity of

motoneurons to BDNF and NT-4/5 (Friedman et aI., 1995a).

These factors may also have putative neurotrophic effects on

motoneurons since labeled BDNF and NT-3 injected into the muscle (Van

et aLl 1988; Van et al. 1993) and BDNF and NT-3 injected into the

crushed sciatic nerve (DiStephano et aI., 1992) can be retrogradely

transported. Also, local application ofBDNF, NT-3, NT-4/5 have been

shown to promo~e motoneuron survival (Yan et aI., 1992; Koliatsos et aI.,

1993; Wong et aI., 1993; Van et aI., 1993).

LNGFR - Current Study

The reason for studying LNGFR is that it is another molecule whose

expression changes during development and in response to denervation. It

is the only one ofthe three molecules I will study whose developmental

production ceases postnatally and is re-synthesized only if adult

motoneurons are denervated. Therefore, it would be of interest to follow

the timing of the transient expression ofLNGFR postnatally and to see if

this surface molecule is upregulated in motoneurons after different types

ofnerve injury during postnatal development.



CHAPTER 2.

Calcitonin Gene-Related Peptide and a. CGRP mRNA Expression in

Cranial Motoneurons After Hypoglossal Nerve Injury During Postnatal

Development

Materials and Methods

Animal Population

Two hundred and seventy-six Sprague-Dawley rats ofboth sexes

were used for this investigation. Three different methods were utilized for

the experimental and control series: CGRP immunocytochemistry,

a. CGRP ribonuclease protection assay (RPA) and a regeneration assay

using retrograde transport ofhorseradish peroxidase (HRP). The

experimental series for CGRP immunocytochemistry consisted of 144

rats. Hypoglossal nerve crush or nerve transection was performed in fOUf

animals at each of three postnatal ages (10, 14, and 21 dpn at six different

survival times (1,3,7,14,20 and 40 dpo). A developmental series for CGRP

immunocytochemistry consisted of four normal rats at seven different

postnatal ages (3, 7,10, 14, 17, 21, and 30 dpn), as well as adult (200-250

gm) for a total of32 rats. For the RPA experimental series for a. CGRP

mRNA, fOUf rats per injury oftwo age groups (10 and 21 dpn) were

27
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euthanized at three survival periods «1, 6, and 18 dpo) for a total of48

rats. The developmental RPA series for a. CGRP mRNA consisted of 12

normal, noninjured rats: four rats at three different postnatal ages (10, 14,

and 21 dpn). The HRP regeneration assay was carried out in 40 rats. For

the three postnatal age groups (10, 14, and 21 dpn), two rats were

euthanized at 14, 20 and 40 days after nerve crush or transection. Two

additional rats were euthanized at 3 and 7 dpo after nerve crush in 21 dpn

rats.

Surgical Procedures

Early postnatal rats are insensitive to small dosages of most injected

anesthetics (Borke, 1982). Therefore, 10 and 14 dpn rats were

anesthetized with ether. For rats 21 dpn or older, either 7% chloral

hydrate (0.5 ml per 100 g) or a ketamine/rompun combination (ketamine

[50 mglkg]; rompun [10 mglkg]) was used. One oftwo types ofnerve

injury was performed on the right hypoglossal nerve proximal to its

bifurcation into medial and lateral branches. The nerve injuries consisted

ofeither a nerve crush for three minutes using a self-locking needle holder

with smooth jaws or a nerve transection with apposition of the cut ends.

Following surgery the pups were returned to their dams. Pup

weights were recorded daily. Supplemental gavage feeding and soft foods

were provided to ensure appropriate weight gain in the young animals.
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Twenty-one day and older rats were kept to a standard ad libitum diet of

pellets and water.

Immunocytochemistry

The rats were reanesthetized at the appropriate postoperative times

and perfused transcardially with a fixative of 4% paraformaldehyde in 0.1

M phosphate buffer (pH 7.2). The brains were removed and postfixed for

two hours (h). The medullas were infiltrated overnight in 30% sucrose in

0.1 M phosphate buffer at 4° C, freeze-thawed in isopentane and cut at 40

Ilm transverse sections on a freezing microtome. Sections of the medulla

through the rostro-causal extent of the hypoglossal nucleus were collected

in Tris-buffered saline (TBS; pH 7.6). Free-floating sections were used

for CGRP immunocytochemistry. Sections· were pretreated with 10%

normal goat serum (NGS; Cappel) in TBS for 1 h and incubated for 21 hat

room temperature in a polyclonal rabbit CGRP antiserum (1 :2500; .

Cambridge Research Biochemicals) in TBS with 20% NGS. Sections

were washed in TBS and incubated for 2 h at room temperature in

biotinylated goat anti-rabbit IgG (1:200; Vector) in TBS containing 1.5%

NGS. After a TBS wash, the sections were incubated at room temperature

in ABC ELITE Standard complex (1: 100; Vector) for 2 h.

Immunoreactivity was visualized with 3-3'diaminobenzidine (DAB;

0.06%) and H20 2 (0.005%) in 0.1 M phosphate buffer. Sections were

mounted on glass slides, air dried, and dehydrated, cleared, and
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coverslipped with Permount. Controls for the immunocytochemical

procedures were processed by omitting the specific primary antiserum or

by using antisera preabsorbed with an excess of the immunogen. No

positive staining was detected after either treatment.

Immunocytochemical Analysis

The levels ofCGRP-IR were assessed quantitatively with the aid of

a computerized densitometry analysis system using NIH Image 1.54

linked to an Olympus microscope. For each case, four sections of the

hypoglossal nucleus were randomly selected through the center of the

hypoglossal nucleus for image analysis. Each section was digitized at a

final magnification of40 x using a MTI CCO 72 camera and a Scion LGF

image grabber card in a Macintosh Quadra 800 (Apple Computer, USA).

The gray scale used ranged from 0 for white to 255 for black. The final

background level was determined from an unlabeled region of the adjacent

reticular formation. Using a box measuring 50 x 50 pixels, mean pixel

intensities were determined and averaged from three different areas of the

nucleus (neurons plus neuropil) on the right and the left sides. The mean

values from four cases/developmental group were converted to right/left

(R/L) ratios and mean ratio values were used to determine the percent

change in immunocytochemical staining intensity for the antigen. These

values from each injured treatment group were then compared to the data

for the non- injured group for each age group by a one way ANOVA. The
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Student Newman Keuis test was applied post hoc to inspect differences

between means when F values from ANOVA produced p< 0.05 (Snedecor

& Cochran, 1980). All computations were performed with the Graph Pad

Instat statistical package.

Ribonuclease Protection Assay

Probe Synthesis

An a. CGRP RNA probe template was generated by peR

amplification. A 439 base pair fragment was obtained using specific a.

CGRP oligonucleotide primers (sense [5'-TCAACClTAGAAAGCAC,
GCC-] and antisense [-TAGGGAGAAGGGTTTCAGTACC-3'], Amara et

aI., 1984) that were synthesized on an ABI 392 synthesizer (Applied

Biosystems, Inc.). This product was reamplified using the same primer set

with the antisense primer containing the T7 RNA polymerase sequence

(Amersham). The control probe for glyceraldehyde 3-phosphate­

dehydrogenase (GAPDH; Fort et aI., 1985) was purchased from Ambian.

Both the a. CGRP and GAPDH RNA probes were synthesized using [a.­

32P]_rUTP (800 Ci/mmol, Amersham) according to the manufacturer's

instructions. The labeled RNA probe was separated on a 6%

urea/acrylamide gel, isolated, purified, and used in subsequent

hybridizations (Potts et aI., 1990).



32

RNA Isolation and Hybridization

Intact and experimental rats were euthanized by decapitation and

hypoglossal nuclei were isolated for the preparation ofRNA. RNA was

purified (Chomczynski & Sacchi, 1987) from four whole hypoglossal

nuclei. Total RNA (equivalent to two whole nuclei) was hybridized with

either a. CGRP or GAPDH probes as described by manufacturer's

instructions using the Hyb Speed RPA kit (Ambion). The RNA/probe

mixture was precipitated and subjected to electrophoresis on a 6%

urea/acrylamide gel. The gel was dried under a vacuum gel dryer and

exposed to Kodak X-OMAT AR film overnight at -200 C using

intensifying screens.

RPA Analysis

Autoradiograms were scanned on a laser scanner (UMAX UC1260,

Data Systems) and the images were digitized using Metroscan 2.5 (HSD

microcomputer US, Inc. [1994]). The gel analysis macro in NIH Image

1.54 was used to determine the size (volume) of the bands on the

electrophoresis gels. The volume was estimated by calculating the

integrated density. Integrated density was computed using the following

formula: Integrated Density = N * (Mean- Background). N =the number

of pixels in a defined area, Mean = the mean pixel value and Background

= the most common pixel value measured in the defined area. To assure
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that the differences in ex. CGRP mRNA values were not due to variations

in the amount ofRNA loaded per lane, the integrated densities were

normalized by determining the ratio ofthe a. CGRP bands versus GAPDH

bands. GAPDH mRNA has been shown to remain relatively constant in

rat peripheral nerve during postnatal development and in response to nerve

crush or transection in the adult (Scherer et aI., 1994). Because of the

relative constancy ofGAPDH mRNA during the postnatal periods

examined in the current study, this transcript was chosen as our standard.

The effects of the injury were assessed by calculating the ratio of the

integrated densities for a. CGRP/GAPDH in RNA samples of nuclei from

the injured rats divided by the integrated densities for ex. CGRP/GAPDH in

the nuclei of the noninjured rats (Haas et aI., 1993).

Reinnervation and Neuronal Survival

To assay reinnervation of the tongue musculature and neuronal

survival, the same two injuries were performed in two rats at each of the

three postnatal ages (10, 14, and 21 dpn). These rats survived for 14,20,

or 40 days. In addition, for the reinnervation assay, two rats were

examined at 3 and 7 days after nerve crush to 21 dpn rats. At 36 and 24 h

before euthanizing, the animals were reanesthetized and a 10% solution of

HRP (Boehringer Mannheim) in 0.1 M Tris buffer (pH 7.6) was injected

(approximately 10 J.d per injection) with a Hamilton syringe into three
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different areas ofthe tongue musculature on the right and left sides. The

rats were perfused transcardially with 4% paraformaldehyde in 0.1 M

phosphate buffer (pH 7.4) followed by a post wash of 10% sucrose in 0.1

M phosphate buffer. The medulla was isolated and infiltrated overnight in

30% sucrose at 4° C. Transverse sections were cut at 40 J.1m using a

freezing microtome and collected in 0.1 M Tris buffer. Free-floating

sections throughout the length ofthe medulla were processed by the DAB­

glucose oxidase method (Itoh et aI., 1979) and counterstained with Neutral

Red.

Reinnervation Analysis

The number ofHRP-labeled and unlabeled hypoglossal neurons was

counted in injured and intact nuclei in every sixth section through the

rostro-caudal extent ofthe hypoglossal nucleus. HRP labeling was

defined as the percentage of labeled neurons in the total neuronal

population ofeach hypoglossal nucleus. The percentages of labeled

neurons in the total neuronal population ofthe right and left hypoglossal

nuclei were compared to assess ~einnervation.

Neuronal Survival Analysis

A ratio of the number ofHRP-labeled and unlabeled hypoglossal

neurons in the injured nuclei versus the number of neurons in the



noninjured nuclei was converted to a percent and used to estimate

frequency ofneuronal survival after the two types ofnerve injury. Only

those neurons which contained a nucleus were counted. For each nerve

injury case, the total number ofneurons in each hypoglossal nucleus was

calculated from every sixth section ofthe hypoglossal nucleus from the

rostral to caudal extent according to the following formulas

(Koningsmark, 1970):

Total Neuronal Number =sum ofall neurons counted x (total section

number/total number of sections counted)

Total Section Number =[(total number of sections counted - 1) (section

interval)] + (total number ofsections counted).

The mean and the standard deviation were calculated for two rats/group.

These means were compared for each survival period by a one way

ANOVA. The Student Newman Keuls test was applied posthoc to inspect

differences between means when F values from ANOVA produced p of

less than 0.01 (Snedecor and Co~hran, 1980). All computations were

performed with the Graph Pad Instat statistical package.
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Results

CGE..P_Immunoreactivity

Noninjured Hypoglossal Nuclei

Hypoglossal motoneurons were immunoreactive for CGRP at all

postnatal ages of this study. Slight to moderate CGRP immunoreactivity

was seen in the majority ofdorsally located neuronal cell bodies in the

hypoglossal nuclei of3 and 7 dpn rats whereas neurons in the ventral·

portions of the nuclei demonstrated intense immunoreactivity (Figs. 1

A,B). The mean pixel intensity ofCGRP-IR, nearly doubled from 7 to

10 dpn (Fig. 2 [p<.OOI]). This level of intensity ofCGRP expression was

maintained from 10 to 30 dpn (Fig. 2). During these postnatal periods,

CGRP-IR was visible in hypoglossal perikarya and their processes (Figs.

Ie-F). Decreased levels ofCGRP immunoreactivity were detected in

adult hypoglossal motoneurons compared to samples from 10 or 21 dpn

rats (Figs. 1 C, D, E, F [p<O.OO 1]). CGRP-IR in adult hypoglossal nuclei

was similar in intensities to those estimated in hypoglossal nuclei of3 and

7 day old rats (Fig. 2).

36
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Figure 1. CGRP-IR in the hypoglossal nuclei ofnonnal, noninjured rats:

A: 3 dpn; B: 7 dpn; C: 10 dpn; 0: 14 dpn; E: 21 dpn; F: adult.
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Figure 2. Change in mean pixel intensity ofCGRP-IR in hypoglossal

nuclei during postnatal development. Means (+ SEM) are reported.
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Injured Hypoglossal Nuclei

Nerve Crush

The CGRP response following nerve crush was dependent upon the

postoperative age ofthe animal at the time of injury. Nerve crush in 10

dpn rats produced an ipsilateral reduction in CGRP-IR in hypoglossal

motoneurons that was significant at 3 dpo (Fig. 3A [p<0.05]). This

decrease in CGRP was noticed in neuronal cell bodies (Fig. 4A).

Although a reduction in CGRP-IR appeared to persist until 7 dpo in 10

dpn rats, the values were not significantly different from the normal levels

of intact hypoglossal nuclei (Fig. 3A). These normal levels ofCGRP-IR

continued in injured hypoglossal motoneurons from 14-40 dpo after nerve

crush in 10 dpn rats (Figs. 3A & 4E,G).

There was no significant change in CGRP-IR in the hypoglossal

nucleus ipsilateral to the nerve crush at any survival time for the 14 dpn

cases (Fig. 3A). However, an apparent, transient increase in CGRP-IR

. was detected at 1-3 dpo in the neurons (compare Fig.SA to Figs. 5C,E,G).

An increase in CGRP-IR on the operated side was noticeable in 21

dpn rats as early as 1 dpo (p<O.OOl) and reached maximal levels at 3 dpo

(p<O.OOI) (Fig. 3A) after nerve crush injury. CGRP-IR was abundant in

neuronal cell bodies and their processes (Fig. 6A). The elevation in

CGRP-IR persisted at 7 (p<O.O 1) and 14 dpo (p<O.OO 1) (Fig. 3A)

41
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Figure 3. Percent change in staining intensity ofCGRP-IR in hypoglossal

nuclei after unilateral hypoglossal nerve crush (A) or transection (B).

Means (+ SEM) are reported. Error bars are sometimes smaller than

symbols and therefore are not always visible.
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Figure 4. CGRP-IR in hypoglossal nuclei after unilateral hypoglossal

nerve crush (left side) or transection (right side) in 10 dpn rats A-B: 3 dpo;

C-D: 7 dpo; E-F: 14 dpo; G-H: 20 dpo. The injured motoneurons are

located in the hypoglossal nucleus on the right side in A-H.
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Figure S. CGRP-IR in hypoglossal nuclei after unilateral hypoglossal

nerve crush (left side) or transection (right side) in 14 dpn rats A-B: 3 dpo;

C-D: 7 dpo; E-F: 14 dpo; G-H: 20 dpo. The injured motoneurons are

located in the hypoglossal nucleus on the right side in A-H.
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Figure 6. CGRP-IR in hypoglossal nuclei after unilateral hypoglossal

nerve crush (left side) or transection (right side) in 21 dpn rats A-B: 3 dpo;

C-D: 7 dpo; E-F: 14 dpo; G-H: 20 dpo. The injured motoneurons are

located in the hypoglossal nucleus on the right side in A--H.
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in hypoglossal motoneurons (Figs. 6C,E) and returned to normal levels by

20 dpo (Figs. 3A & 6G) after nerve crush in 21 dpn rats.

Nerve Transection

The CGRP response to nerve transection was also dependent upon

the postnatal age ofthe animal at the time of injury. Following transection

in the 10 dpn rats, there was a decrease in CGRP-IR in the hypoglossal

motoneurons (Figs. 4B,0). This decrease in CGRP-IR was significant at 3

dpo (p<O.Ol) and maximal at 7 dpo (p<O.OOl) (Fig. 3B). The mean pixel

intensity ofCGRP-IR at 7 dpo following nerve transection was, in fact,

significantly less than those values obtained from tissue where rats

sustained a nerve crush (p<O.OOI). A modest decrease in CGRP-IR

persisted throughout the later postoperative periods [14, 20, and 40 dpo]

(Figs. 4F,H) in the nerve...transected hypoglossal nucleus of 10 dpn rats,

but these reductions were not significantly different from normal levels

ofCGRP-IR in intact hypoglossal nuclei (Fig. 3B).

Likewise, the slight reduction in CGRP staining noticed at 3, 7, and

20 dpo after nerve transection in the 14 dpn rats (Figs. 5B,D,H) was not

consistent for all specimens (Fig. 38). Neither was the apparent increase

in CGRP-IR in the neurons ofthe ipsilateral hypoglossal nucleus at 14 dpo

(Fig. SF). At all postoperative periods examined, heterogeneity in
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CGRP-IR occurred between rats after transection at 14 dpn compared to

the same injury performed in rats 10 or 21 dpn.

Following hypoglossal nerve transection in the 21 dpn rats, a

biphasic response ofCGRP-IR occurred. An increase was noticeable by 1

dpo (p<O.Ol) and maximal at 3 dpo (p<O.OOl) (Fig. 3B). CGRP reaction

product filled the motoneurons, their processes, and the surrounding

neuropil (Fig. 6B). A return to normal levels occurred by 7 dpo (Figs. 3B

& 6D). A second elevation seemed apparent at 14 dpo (Figs. 3B & 6F),

and was significant at 20 dpo (p<0.01) (Fig. 3B) when CGRP staining was

abundant in the hypoglossal neurons (Fig. 6H).

Ribonuclease Protection Assay

Noninjured Hypoglossal Nuclei

Hypoglossal nuclei expressed a. CGRP mRNA at all postnatal ages

examined in the current work. Comparable levels of a. CGRP mRNA were

expressed in the hypoglossal nuclei of normal noninjured rats at 10, 14,

and 21 dpn (Figs. 7A,B). This postnatal interval corresponded to the time

when peptide expression in the nucleus was maximal (Fig. 2).
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Figure 7. Changes in a. CGRP mRNA in hypoglossal nuclei during (A)

postnatal development in 10, 14, and 21 day old normal rats and (B) after

unilateral hypoglossal nerve transection and (C) nerve crush at <1, 6, and

18 days postoperative in 10 and 21 dpn rats. Values in Fig. 7D and 7E are

expressed as a ratio ofthe integrated density in injured hypoglossal nuclei

over the integrated density in noninjured hypoglossal nuclei after

nonnalization for RNA amount loaded (see experimental procedures) for

(0) nerve transection and (E) nerve crush. Fig. 7F summarizes measures

ofGAPDH mRNA in samples of tissue corresponding to normal

noninjured rats at (1) 10 dpn and (2) 21 dpn, and after unilateral

hypoglossal nerve transection at (3) 10 dpn, <1 dpo, (4) 21 dpn, <ldpo, (5)

10 dpn, 6 dpo, (6) 21 dpn, 6 dpo, (7) 10 dpn, 18 dpo, and (8) 21 dpn, 18

dpo. Similar GAPDH mRNA bands were observed following nerve crush

(not pictured).
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Injured Hypoglossal Nuclei

For the 10 and 21 day old rats, both types of injury induced an

initial, rapid upregulation of a. CGRP mRNA in injured hypoglossal nuclei

compared to noninjured nuclei (Fig. 7A). The greatest elevation in the

expression ofa. CORP mRNA occurred rapidly « 1 day, 15 h) in the

21 dpn rats after nerve transection (Figs. 7B,C). In these rats, by 6 dpo,

gene expression had decreased to one-half the maximal levels (Figs. 7B,C)

and a second elevation (Fig. 7B,C) occurred at 18 dpo. The biphasic

increases in a. CORP mRNA after nerve transection in 21 dpn rats

preceded the peptide increases detected at 1, 3 and 20 dpo (Fig. 3B). After

nerve crush in the 21 dpn rats, a gradual up-regulation in a. CGRP mRNA

reached a maximal level at 6 dpo (Figs. 7D,E) that remained elevated at 18

dpo (Figs. 7D,E). This profile also fits well with the temporal progression

ofchanges in peptide levels in the 21 dpn rats after nerve crush (Fig. 3A).

In 10 dpn rats, maximal elevations in a. CGRP mRNA occurred in

less than a day after both types of injuries (compare Figs. 7B,C & Figs.

7D,E). These elevations were less than those that were produced by the

same injuries in the 21 dpn rats. For transection, the early elevation was

one-half that obtained in the 21 dpn rats, but after nerve crush there was

no difference in the levels of ex. CGRP mRNA expression compared to

tissue obtained 21 day old rats (compare Figs. 7D & E). Only a slight

decrease in gene expression was observed at later postoperative intervals
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after nerve transection in the 10 dpn rats (Figs. 7B,C). In contrast, the

modest increase in a. CGRP mRNA detected initially after nerve crush,

declined considerably to below normal levels ofthe intact nuclei at 6 and

18 dpo (Figs. 7D,E).

The integrated density measurements for GAPDH bands (Fig. 7F)

were similar for the noninjured and injured hypoglossal nuclei.

Neuronal Survival

Neuronal cell loss occurred in the 10 and 14 dpn rats after both

types ofnerve injury, but not in the 21 dpn rats (Figs. 8A,B). The 10 dpn

rats exhibited the earliest neuronal cell loss at 14 dpo after both types of

nerve injury (Figs. SA,B). Neuronal cell loss was completed in the 10 and

14 dpn rats by 20 dpo (Figs. 8A,B). The frequency of neuronal cell loss

was not dependent upon the type of injury for the 10 and 14 dpn rats (Figs.

SA,B). However, cell counts of neuronal survival seen in tissue at 40 dpo

suggest that the four day maturation that occurs from 10 to 14 dpn resulted

in the rescue of23-27% ofthe neuronal population after both types of

nerve injury (CR = 23%; TR 27%; Figs. 8A,B).



S6

Figure 8. Frequency ofneuronal survival in hypoglossal nuclei after

unilateral nerve crush (A) or transection (B). Means (+ SEM) are

reported. Error bars are sometimes smaller than symbols and therefore are

not always visible.
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HRP Reinnervation Assay

Control Observations

An average of77% [+1.8] ofneurons in both hypoglossal nuclei of

unoperated rats and the contralateral nucleus ofexperimental animals

contained HRP reaction product after bilateral injections of the protein

into the tongue musculature. This mean percentage is in agreement with

previous studies ofHRP labeling in hypoglossal nuclei (Hall, 1988, Borke

et aI., 1993) and allows for an interneuron population that does not label

after tongue injections ofHRP (Boone and Aides, 1984a).

Nerve Injury Observations

Complete reinnervation of the tongue musculature occurred in all

three age groups of rats in which the hypoglossal nerve was crushed (Figs.

9A & 10A,B,C). However, complete reinnervation was achieved earlier in

the oldest rats: 21 dpn rats at 20 dpo (Figs. 9A & 10C) versus the 10 and

14 dpn rats at 40 dpo (Figs. 9A & 10A,B). At the earliest postoperative

time examined (14 dpo), fewer axons had reached the tongue after nerve

transection (Figs. 9B & 100, E, F) than after nerve crush (Fig. 9A).
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Figure 9. Frequency ofHRP-labeled neurons in hypoglossal nuclei after

unilateral nerve crush (A) or transection (B). Means (+ SEM) are

reported. Error bars are sometimes smaller than symbols and therefore are

not always visible.
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Figure 10. Dark-field micrographs of retrograde labeling of neurons in

hypoglossal nuclei from bilateral tongue injections with horseradish

peroxidase after unilateral hypoglossal nerve crush or transection in 10

and 21 dpn rats A: 10+40 CR; B: 14+40 CR; C: 21+20 CR; 0: 10+14 TR;

E: 14+14 TR; F: 21+14 TR; G: 14+40 TR; H: 10+40 TR. The injured

motoneurons are located in the hypoglossal nucleus on the right side in A­

H.
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Initially, the incidence ofHRP-labeled cells was not directly related to the

age of the rats at the time oftransection; the most sizable population of

parent neurons containing HRP reaction was found in the 14 dpn rats (Fig.

8B & compare Figs. 10E & 10D,F). However, complete reinnervation

occurred at the same postoperative time (40 dpo) after nerve transection

for both the 14 dpn (Figs. 9B & lOG) and 21 dpn rats (Fig. 9B), whereas

only 30% ofhypoglossal neurons in the 10 dpn nerve-transected rats had

achieved reinnervation by 40 dpo (Figs. 98 & 10H).

Discussion

This study examined the effects ofpostnatal maturation on ex. CORP

mRNA and its peptide in motoneurons and whether postnatal age altered

the expression ofCGRP after different types ofhypoglossal nerve injury.

In addition, neuropeptide alterations were correlated with target

reinnervation and neuronal survivaL

The major findings of the current work were that: 1) during the

postnatal interval when high, apparently equivalent, levels of the peptide

were expressed in intact hypoglossal nuclei, axonal injury resulted in a

differential regulation ofCGRP; 2) ex. CGRP mRNA was upregulated soon

after each nerve injury in both age groups, but subsequent elevations in

gene expression were limited to the 21 dpn experimental rats; and 3) in the
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21 dpn experimental rats, when patterns ofCGRP upregulation mimicked

those reported for adult motoneurons, neuronal survival and reinnervation

were maximized.

Postnatal Development o/CGRP in Hypoglossal Neurons

Although a transient up-regulation and gradual reduction in CGRP­

IR in hypoglossal motoneurons during development has been reported

(Kubota et aI., 1988; Hares & Foster, 1991), no study has examined the

temporal correspondence between postnatal changes in the level of ex.

CGRP mRNA expression and translation to its peptide in cranial

motoneurons. The current results on the ontogeny ofCGRP expression

differed from those ofearlier reports that CGRP-IR was maximal at 5-6

dpn (Kubota et aI., 1988; Hares & Foster, 1991) and disappeared at 28 dpn

(Kubota et aI., 1988). Utilization of a more sensitive method for

immunodetection ofCGRP (avidin-biotin Elite method vs indirect

immunofluorescence) in the current work could explain the differences in

the timing of the postnatal expression ofCGRP in hypoglossal

motoneurons. The validity of this reasoning is strengthened by the report

ofMorara et a1. (1995) on the postnatal up-regulation ofCGRP-IR in the

inferior olivary nucleus in the medulla using the avidin-biotin Elite

method. These authors showed a difference in peak times and duration of



CGRP-IR compared to that obtained in the same nucleus by indirect

immunofluorescence (Kubota et aI., 1988).

The current data provide temporal correspondence ofmaximal

levels ofpeptide being generated during the middle of the second

postnatal week corresponding to the period of massive expansion of

tongue innervation (Li & Dahlstrom, 1992). This is also the time when

CGRP is initially detected in motoneuron terminals (Matteoli et aI., 1990;

Li and Dahlstrom, 1992). The lack ofa decrease in peptide levels at 3-4

weeks postnatal, coincident with the time when the adult CGRP response

to nerve injury can first be elicited, might seem inconsistent. It is known

that at the time when supernumerary synapses are pruned at the target

musculature, motor end plates assume their adult form, but CGRP-IR is

still abundant in these motor end plates near the end of the third postnatal

week (Li & Dahlstrom, 1992, 1993). A reasonable premise is that CGRP

levels in the hypoglossal nucleus would persist until the fourth and fifth

postnatal weeks when the proportion of motoneurons containing CGRP is

decreased by one-half and the number of terminals as well as peptide

content of the motoneurons are reduced (Matteoli et aI., 1990; Li and

Dahlstrom, 1992, 1993).
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Response o/CGRP to Hypoglossal Nerve Injury during Postnatal

Development

While postnatal rats examined in this study expressed comparable

levels ofCGRP in the intact hypoglossal nucleus, there was an age­

dependent progression in CGRP expression in injured motoneurons.

Changes in CGRP-IR in the 21 dpn rats mimicked results observed in the

adult after both types of injury: crush and transection (Borke et aI., 1993).

Levels of CGRP were up-regulated until 20 dpo when reinnervation was

complete following nerve crush. A biphasic response followed nerve

transection that was similar to that observed in the adult (Borke et aI.,

1993, Grothe, 1993) and consisted ofa peak in CGRP-IR at 3 dpo, a

decrease to normal levels at 7 dpo, and a second increase at 20 dpo.

The changes in peptide expression in injured hypoglossal

motoneurons of21 dpn rats were preceded by alterations in a. CGRP

mRNA expression after both types of injury. The time course and pattern

of a. CGRP mRNA expression in the 21 dpn rats after nerve crush

corresponded to those changes reported for adult facial motoneurons after

nerve crush (Saika et aI., 1991a). In addition, there was close agreement

between the ratios ofnormalized volume densities of a. CGRP mRNA in

injured/noninjured hypoglossal nuclei after nerve crush and normalized

densitometric ratios ofCGRP mRNA in injuredlnoninjured spinal

motoneurons after the same type of injury in adult rats (Sala et aI., 1995).
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The temporal progression of the biphasic increases in a. CGRP mRNA

after transection ofthe nerve also agreed with those findings in the adult

rat after the same type of injury to the facial nerve (Haas et aI., 1990;

Dumoulin et aI., 1991). The lack of finding a transient reduction in a.

CGRP mRNA below intact, normal levels reported recently in adult

hypoglossal motoneurons (Sarasa et aI., 1996) could be age-related or due

to differences in postoperative timing or injury paradigms.

For the 10 and 21 day old rats, both types of injury induced an

initial, rapid upregulation of a. CGRP mRNA. However, nerve transection

produced a greater increase in CGRP gene expression than nerve crush.

Both injuries isolated the motoneuron from its target. Numerous changes

can influence the magnitude of the early transcriptional events after

different types ofnerve injury: mechanical (Lieberman, 1971, 1974),

chemical (LeBlanc and Poduslo, 1990, Knyihar-Csillik et aI., 1992,

Madore et aI., 1994, Venezie et aI., 1995), ionic (Meiri et aI., 1981),

electrophysiological (Herdegen et aI., 1993), and/or cellular (Scherer et aI.,

1994, Venezie et aI., 1995) events.

The question arises as to why the specific patterns of subsequent

increases in CGRP expression induced in the 21 dpn nerve-injured rats at

later postoperative times were not also seen in tissues from 10 dpn rats.

At the time of injury, 10 dpn hypoglossal motoneurons are undergoing

crucial target-dependent growth and differentiation. The generalized

hypothesis from which evidence has recently emerged is that postsynaptic
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muscle cells provide factors that are transported retrogradely in the

motoneuron and influence the growth, differentiation, phenotypic traits

and survival of the developing motoneurons (Patterson & Nawa, 1993).

Only later do motoneurons respond to those factors provided by the local

environment around the motoneuron and its processes (Lowrie & Vrbova,

1992).

The presence of low affInity nerve growth factor receptor (LNGFR)

in immature motoneurons is consistent with the postnatal interval when

neurotrophic support is requisite from the target (Yan et aI., 1988; Ernfors,

et aI., 1989). At least four members of the neurotrophin family ofbasic

proteins can bind to LNGFR, namely, NGF, BDNF, NT-3 and NT-4/5

(Barde, 1989; Glass & Yancopoulos, 1993). The current investigators

found that LNGFR-IR was abundant on hypoglossal motoneurons and

their processes at 3, 7 and 10 dpn, declined to modest levels at 14 dpn, and

then became virtually absent from motoneurons by 21 dpn (see Chapter 4).

Loss ofLNGFR signals the postnatal time when the motoneuron

transitions from target dependence to relative independence (Chiu et aI.,

1993). It may be ofconsiderable relevance that axonal transection in rats

during the first two postnatal weeks, produced rapid apoptosis of Schwann

cells but the same injury resulted in negligible Schwann ce1110ss in 25 dpn

rats (Trachtenberg & Thompson, 1996). These findings underscored the

trophic dependence ofaxon-Schwann cell interaction or an axon-derived

trophic factor during this postnatal interval (Trachtenberg & Thompson,

1996). Furthermore, this evidence implies that Schwann cells would
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proliferate and act as a substitute target in the 21 dpn rats in response to

nerve injury but are less likely to be serve as effectively as the target

replacement in the 10 dpn rats. The fact that NGF mRNA rises rapidly in

Schwann cells in the distal denervated nerve segment after nerve injury in

adult rats, and BDNF mRNA begins to become increased at 3 dpo and

continues to rise for 2 weeks emphasizes that neurotrophic factors change

in a time-dependent manner in response to nerve injury (Heumann et aI.,

1987; Meyer et aI., 1992; Funakoshi et aI., 1993; Friedman et aI., 1995a).

This sequencing ofneurotrophic changes may be related to the timing of

CORP up-regulation. In fact, there is some evidence to suggest that

CORP expression is at least in part, influenced by factors that are

produced in higher than normal amounts in damaged nerves (Sala et al.,

1995).

Motoneuron Cell Loss/Survival

The current results confirmed earlier evidence that injury to

hypoglossal motoneurons during the first two postnatal weeks resulted in

considerable neuronal cell loss that was age-related (Snider & Thanedar,

1989) and not dependent on the type ofnerve injury (Borke, 1982). A

new finding which could be ofbenefit in designing studies investigating

neuronal cell death was that neuronal cell loss took place in less than three

weeks in 10 and 14 dpn nerve-injured rats.
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In contrast, neither injury resulted in neuronal loss in the 21 dpn rats

after either type of injury, although cell death had been the outcome in

another study of the same age rats (Snider & Thanedar, 1989). This

inconsistency may be due to the fact that the injury prevented

reinnervation (Snider & Thanedar, 1989). Since cell loss was reported at

later survival periods than investigated in the current study, an alternate

possibility is that with additional time some cell loss may have ensued in

our 21 dpn injury paradigms. The fact that complete reinnervation of the

tongue musculature occurred earlier in the 21 dpn nerve-injured rats than

in adults, however argues against this idea.

Reinnervation ofTongue Musculature

Very few hypoglossal motoneurons with transected axons

reinnervated the tongue musculature in the 10 dpn rats. This finding was

in contrast with what occurred after nerve crush in the 10 dpn rats and

after all injury paradigms in the 14 and 21 dpn rats. In all these cases,

complete reinnervation of the tongue musculature from surviving

motoneurons was established. A possible explanation for the failure of

the 10 dpn nerve-transected neurons to successfully reinnervate the target

could be related to differences in Schwann cell proliferation after the two

types of injury. As mentioned earlier, nerve transection in rats from 0-14

dpn resulted in rapid apoptosis of'Schwann cells (Trachtenberg and

Thompson, 1996). Whether comparable Schwann cell death also occurs
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after nerve crush in rats of the same ages is unknown. The fact that the

initial timing and intensities ofSchwann cell proliferation is similar after

the two injuries in adult rats (Scherer et aI., 1994) emphasizes the

likelihood ofthis possibility. Since Schwann cell proliferation persists

longer after nerve crush in adults (Scherer et aI., 1994), an alternative idea

is that those Schwann cells that survive a nerve crush, as opposed to a

nerve transection, are better able to carry out reparative functions such as

axonal guidance (Keynes, 1987, Johnson et aI., 1988, Zhao et aI., 1992,

Anton et aI., 1994, Torigoe et aI., 1996).

Conclusion

The present evidence indicates that profiles ofCGRP expression

after different nerve injury paradigms during postnatal life are dependent

on the state of interaction of the motoneuron axon with its local

environment and its target musculature. When the response to nerve

injury parallels that elicited in adult hypoglossal motoneurons, neuronal

survival/reinnervation are the likely outcomes.



CHAPTER 3.

Choline Acetyltransterase Immunoreactivity in Cranial Motoneurons After

Hypoglossal Nerve Injury During Postnatal Development

Materials and Methods

Animal PopulatioD

One hundred and seventy-two Sprague--Dawley rats of both sexes

were used for this investigation. Hypoglossal nerve crush or nerve

transection was performed in four animals ofeach postnatal age group (10,

14, and 21 dpn) for each of the six different survival times (1,3,7,14,20

and 40 dpo). ChAT immunocytochemistry was utilized for the

experimental and control series. A normal developmental series consisted

of four rats at seven different postnatal ages (3, 7,10, 14, 17, 21, and 30

dpn) for a total of 28 rats.

Suraical Procedures

Early postnatal rats are insensitive to small dosages of most injected

anesthetics (Borke, 1982). Therefore, 10 and 14 dpn rats were
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anesthetized with ether. For rats 21 dpn or older either 7% chloral hydrate

(0.5 ml per 100 g) or a ketamine/rompun combination (ketamine [50

mglkg], rompun [10 mg/kg]) was used as the anesthetic. The nerve injury

was performed on the right hypoglossal nerve proximal to its bifurcation

into medial and lateral branches. The nerve injuries consisted ofeither a

nerve crush for three minutes using a self-locking needle holder with

smooth jaws or a nerve transection with apposition of the cut ends.

Following surgery the pups were returned to their dams. Pup

weights were recorded daily. Supplemental gavage feeding and soft foods

were provided to ensure appropriate weight gain in the young animals.

Twenty-one day and older rats were kept to a standard ad libitum diet of

pellets and water.

Immunocytochemistry

The rats were reanesthetized at the appropriate postoperative times

and perfused transcardially with a fixative of4% paraformaldehyde in 0.1

M phosphate buffer (pH 7.2). The brains were removed and postfixed for

two hours (h). The medullas were infiltrated overnight in 30% sucrose in

0.1 M phosphate buffer at 4° C, freeze-thawed in isopentane and cut into

40 J-lm transverse sections on a freezing microtome. Sections of the

medulla through the rostro-caudal extent of the hypoglossal nucleus were



collected in Tris buffered saline (TBS; pH 7.6). Free-floating sections

were used for ChAT immunocytochemistry.

Sections were pretreated with 10% normal goat serum (NGS;

Cappel) in TBS for 1 h and incubated for 48 h at 40 C in a monoclonal

antibody from rat-mouse hybrid cells directed against ChAT (1 :10;

Boehringer Mannheim) in TBS with 20% NGS and 2% bovine serum

albumin. Sections were washed in TBS and incubated for 1 h at room

temperature in biotinylated goat anti-rat IgG (1:100; Vector) in TBS

containing 1.5% NGS. After a TBS wash, the sections were incubated at

room temperature in ABC Standard complex (1:50; Vector) for 1 hour.

Immunoreactivity was visualized with 3-3'diaminobenzidine (DAB;

0.06%) and H20 2 (0.005%) in 0.1 M phosphate buffer. Sections were

mounted on glass slides, air dried, and dehydrated, cleared, and

coverslipped with Permount Controls for the immunocytochemical

procedures were processed by omitting the specific primary antiserum or

by using antisera preabsorbed with an excess of the immunogen. No

positive staining was detected after either treatment.

Immunocytochemical Analysis

The levels ofChAT-IR were assessed quantitatively with the aid of

a computerized densitometry analysis system using NIH Image software

(Version 1.54) linked to an Olympus microscope. For each case, four
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sections o~the hypoglossal nucleus were randomly selected through the

center ofthe hypoglossal nucleus for image analysis. Each section was

digitized at a final magnification of40 x using a MTI CCD 72 camera and

a Scion LGF image grabber card in a Macintosh Quadra 800 (Apple

Computer, USA). The gray scale used ranged from 0 for white to 255 for

black. The final background level was determined from an unlabeled

region ofthe adjacent reticular formation. Using a box measuring 50 x 50

pixels, mean pixel intensities were determined and averaged from three

different areas of the nucleus (neurons plus neuropil) on the right and the

left sides. The mean values from four cases/developmental group were

converted to right/left (RIL) ratios and mean ratio values were used to

determine the percent change in immunocytochemical staining intensity

for the antigen. These values from each injured treatment group were then

compared to the data for the non- injured group for each age group by a

one way ANOVA. The Student Newman Keuis test was applied post hoc

to inspect differences between means when F values from ANOVA

producedp< 0.05 (Snedecor and Cochran, 1980). All computations were

performed with the Graph Pad Instat statistical package.
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Results

eMT Immunoreactivity

Noninjured Hypoglossal Nuclei

Hypoglossal motoneurons were immunoreactive for ChAT at all

postnatal ages of this study [3-30 dpn] (Fig. I lA-F). Slight to moderate

ChAT-IR was seen in hypoglossal neuronal cell bodies of3 and 7 dpn rats

(Fig. l1A,B). The mean pixel intensity ofChAT-IR nearly tripled from 7

to 10 dpn (Fig. 12 [p<.001]). This intense level ofChAT-IR was

maintained in hypoglossal neurons of 10-30 dpn rats (Fig. 12). However,

ChAT staining in the hypoglossal neuropil increased progressively from

17-30 dpn (Fig. llC,D,E,F). The specificity ofChAT-IR was confinned

by additional bilateral labeling confined to the dorsal motor nucleus of the

vagus (Fig. 11 A-F) and the nucleus ambiguus.
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Figure 11. ChAT-IR in the hypoglossal nuclei of normal, noninjured rats:

A: 3 dpn; B: 7 dpn; C: 10 dpn; D: 14 dpn; E: 21 dpn; F: 30 dpn.
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Figure 12. Change in mean pixel intensity ofChAT-IR in hypoglossal

nuclei during postnatal development. Means (+ SEM) are reported.
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Injured Hypoglossal Nuclei

Nerve Crush

The timing and magnitude ofchanges in ChAT-IR were comparable

for all 3 ages at all postoperative survival periods (Fig. 13A). Little to no

decrease in ChAT..IR was detected at 1 dpo in 10, 14, or 21 dpn rats after

nerve crush (Fig. 13A). Maximal reduction ofChAT-IR was found at 3

dpo for all age groups (Fig. 13A; [p<O.OOI]). At this time, very few

hypoglossal neurons were immunoreactive for ChAT (Figs. 14A, 15A, &

16A). For all 3 ages, at 7 dpo, there was a comparable increase in the

number ofChAT-IR neurons in hypoglossal nuclei ipsilateral to the nerve

crush (Fig. 13A, [p<O.OOI] & Figs. 14C, 15C, 16C). The progressive

increase in the number ofChAT-IR neurons continued so that by 14 dpo,

ChAT staining had returned to all injured hypoglossal neurons as well as

the neuropil (Fig. 13A, [p<O.OOI] & Figs. 14E, 15E, 16E). In fact, ChAT

staining seemed more intense in the hypoglossal nucleus of 14 and 21 dpn

nerve crush rats on the injured side compared to the noninjured

contralateral nucleus at 14, 20, and 40 dpo. This increase was statistically

significant in the 21 dpn rats at 14 and 20 dpo [p<O.Ol] (Fig. 13A & Figs.

15E, 15G, 16E, 16G).
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Figure 13. Percent change in staining intensity ofChAT-IR in

hypoglossal nuclei after unilateral hypoglossal nerve crush (A) or

transection (B). Means (+ SEM) are reported. Error bars are sometimes

smaller than symbols and therefore are not always visible.
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Figure 14. CHAT-IR in hypoglossal nuclei after unilateral hypoglossal

nerve crush (left side) or transection (right side) in 10 dpn rats A-B: 3 dpo;

C-D: 7 dpo; E-F: 14 dpo; G-H: 20 dpo. The injured motoneurons are

located in the hypoglossal nucleus on the right side in A-H.



CRUSH

100fJm

10DPN-CHAT

f'

-B

TRANSECTION

.,,-.

14dpo



86

Figure 15. ChAT-IR in hypoglossal nuclei after unilateral hypoglossal

nerve crush (left side) or transection (right side) in 14 dpn rats A-B: 3 dpo;

C-D: 7 dpo; E-F: 14 dpo; G-H: 20 dpo.. The injured motoneurons are

located in the hypoglossal nucleus on the right side in A-H.



14DPN-CHAT

.: .c

CRUSH

.~...

3dpo

-....;. ...

B

o
14dpo

TRANSECTION
O~,'

• or.

."

-",

....
. .; -

" . ,.



88

Figure 16. ChAT-IR in hypoglossal nuclei after unilateral hypoglossal

nerve crush (left side) or transection (right side) in 21 dpn rats A-B: 3 dpo;

C-D: 7 dpo; E-F: 14 dpo; G-H: 20 dpo. The injured motoneurons are

located in the hypoglossal nucleus on the right side in A-H.
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Nerve Transection

As after nerve crush, there was no reduction in ChAT staining at 1

dpo after nerve transection in all 3 experimental age groups, but marked

depletion ofchAT-IR occurred in the affected nucleus at 3 dpo

(Figs. 14B, 15B, 16B; [p<O.OOl]). The amount ofthe decrease at 3 dpo in

the 10 and 14 dpn rats was comparable for the two types of injuries

(Figs. 13A & 13B). However, for the 21 dpn rats, there was a greater loss

ofChAT-IR after transection than after crush (Figs 13A, 13B, 16A & 168

[(P<.01]). Unlike after nerve crush, transection-induced loss ofChAT

staining was maintained until 7 dpo for all ages (Fig. 13B; [p<0.001] &

Figs. 14D, lSD, 16D). Further persistence of reduced levels ofChAT-IR

was related to the age of the rat at the time of nerve transection. In 10 dpn

nerve-transected rats, there was a progressive increase in ChAT staining in

the hypoglossal nucleus on the injured side from 14-40 dpo (Figs. 13B &

14F, 14H) but ChAT-IR in the affected nucleus never matched that level

of immunoreactivity found in the contralateral, noninjured hypoglossal

nucleus (14 dpo [p<O.OOI], 20 and 40 dpo [p<0.05]) (Fig. 138). ChAT

staining gradually reappeared from 14-40 dpo in the 14 dpn rats (Figs. lSF

& ISH; 14 and 20 dpo [p<0.001]), so that ChAT-IR was equivalent to that

ofthe noninjured nucleus at 40 dpo (Fig. 15H). Levels ofChAT-IR

remained depressed at 14 dpo in the 21 dpn rats (Figs. 13B; [p<O.OOl] &

16F). However, by 20 dpo in the 21 dpn nerve-transected rats, ChAT-IR

in the hypoglossal nucleus on the injured side was elevated over the
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normal level of the contralateral noninjured nucleus (Fig. 16H; [p<O.OS])

and declined to normal ChAT-IR by 40 dpo (Fig. 13B).

Discussion

This work details the temporal expression ofChAT within

hypoglossal motoneurons during postnatal development and after

peripheral nerve injury. In the normal, noninjured hypoglossal nucleus,

maximal levels ofChAT-IR were detected in motoneuronal somata at 10

dpn and the intensity ofenzyme staining also became prominent in the

neuropil from 17-30 dpn. The changes in ChAT-IR after nerve crush or

transection in 10, 14 and 21 dpn rats paralleled those reported after the

same injuries to adult hypoglossal motoneurons (Borke et aI., 1993) with

these exceptions: 1) the extent ofthe initial reduction in ChAT-IR was not

injury-specific for the 10 and 14 dpn rats as it was for the 21 dpn and adult

rats and 2) the restoration oftransection-induced depletion ofChAT-IR to

the level of the normal, noninjured nucleus occurred earlier in the 21 dpn

than in adult motoneurons.

Postnatal Development ofChAT in Hypoglossal Neurons

This is the first study to examine the postnatal expression ofChAT

in the hypoglossal nucleus, a medullary cell group known to contain the
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highest adult level ofChAT activity (Kobayashi et al., 1975). The timing

ofpostnatal changes in ChAT-IR of hypoglossal motoneurons correlates

well with the progression ofChAT expression in developing spinal

motoneurons (Phelps et aI., 1984; Chiu et aI., 1993). ChAT-IR was

initially detected as early as E13 in rat spinal motoneurons and increased

by small increments throughout the remainder ofembryonic life and the

frrst postnatal week (Phelps et aI., 1984). At the beginning ofthe second

postnatal week a substantial increase in ChAT-IR occurred and spinal

motoneurons attained adult levels by 3-4 weeks (phelps et aI., 1984). In

another study, ChAT-IR increased in spinal motoneurons so that by 10

dpn the maximal number ofneurons expressed ChAT-IR but the intensity

ofenzyme staining continued to increase in motoneuronal processes and

neuropil until 30 dpn (Chiu et al., 1993). In the current work, intense

levels ofChAT-IR were attained in hypoglossal motoneuron somata by 10

dpn. ChAT staining in the hypoglossal neuropil from 17-30 dpn

paralleled the timing and pattern ofdistribution ofpostnatal changes in

spinal motoneuronal ChAT-IR in the ventral hom of the rat spinal cord

(Chiu et aL, 1993). This progression also fits well with evidence on ChAT

mRNA expression in the developing rat CNS, ofwhich the medulla and

pons contain the highest levels (Ibanez et al., 1991). Increases are

biphasic with the maximal expression ofChAT mRNA occurring in the

second postnatal week, followed by a second lesser increment in enzyme

expression between 3-5 weeks (Cavicchioli et aI., 1991; Ibanez et aI.,

1991 ).



93

In all likelihood, the majority ofehAT staining in the neuropil from

17-30 dpn in the current work was contained in fibers ending on

hypoglossal motoneurons. The validity ofthis idea is strengthened by

evidence that 1) acetylcholinergic neurons in the reticular formation

provide a primary source of input to hypoglossal motoneurons

(Connaughton et aI., 1986) and 2) afferent synapses on hypoglossal

motoneurons become more frequent and differentiate during the second

and third postnatal weeks (Borke, 1982).

Response ofChAT to Hypoglossal Nerve Injury during Postnatal

Development

The initial reduction in ChAT-IR was not detected until 3 dpo in the

current work involving crush or transection injuries to rats of increasing

postnatal ages. The onset ofthese changes in ChAR-IR paralleled those

reported after crush, transection (Armstrong et aI., 1991; Borke et aI.,

1993) or resection (Borke et aI., 1993) of the hypoglossal nerve in adult

rats. Thus, our results confirmed that the timing of the initial enzyme

reduction is not injury-related and extended these findings to include age,

another parameter known to affect the retrograde reaction ofaxotomized

neurons (Lieberman, 1974). The onset ofChAT decrease seems to be

regulated by a mechanism that is related to the interruption of axon-target

interaction. The fact that ChAT-IR is also reduced by impeding

axoplasmic transport without injuring the nerve reinforces this idea (Moix

et aI., 1991; Greeson et aI., 1992).
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The amount ofChAT reduction in the 10 and 14 dpn rats was

similar for both injuries. This finding can be contrasted to the detection

ofsmaller reductions in ChAT...IR in the 21 dpn motoneurons after nerve

crush compared to nerve transection. This injury-specific decrease in

ChAT-IR in 21 dpn experimental rats is the same as that noticed in adult

motoneurons after the same types ofnerve injury (Borke et aI., 1993;

Friedman et aI., 1995a). Variation in the amount ofaxotomy-induced loss

in ehAT-IR has been associated with differences in the accessibility ofthe

proximal, surviving axons ofa crushed versus a transected nerve to the

supply ofneurotrophins, such as BDNF and NT-4/5 provided by Schwann

cells ofthe distal degenerating nerve (Friedman et aI., 1995a). Consistent

with these effects is the attenuation in the loss ofChAT after the

application of exogenous neurotrophins to the proximal end oftransected

nerves (Chiu et aI., 1994; Van et aI., 1994; Friedman et aI., 1995a).

Whether there is an increase in Schwann cell-produced neurotrophic

factors with advancing postnatal age in rats is not known. It may be

relevant that axonal injury during the first two postnatal weeks resulted in

rapid apoptosis ofSchwann cells but injury in 25 dpn rats did not

(Trachtenberg & Thompson, 1996). On the other hand, ChAT expression

has been shown to be influenced by factors released centrally as well as

peripherally (Weiser et aI., 1994). Differences in the ability of maturing

neurons to acquire these factors or developmental differences in the

dependency of the motoneurons on target and central factors, then, could

explain the age differences in the extent of the ChAT reduction after the

two injuries.



During the survival times examined, return ofChAT-IR to normal

levels was obtained in all experimental groups except the 10 dpn nerve­

transected rats. Interestingly, the surviving neurons only attained 29%

reinnervation of tongue musculature by 40 days after nerve transection in

the 10 dpn rats, whereas complete reinnervation was reached by

20 (21 dpn) or 40 days (10 and 14 dpn) after nerve injury for all other

experimental age groups (see Chapter 2). The current findings indicate

that the return ofChAT-IR to normal, noninjured levels precedes

reinnervation ofthe tongue musculature. Whether ChAT-IR would

eventually be restored at later postoperative times even without complete

reinnervation, as occurs in adult hypoglossal motoneurons (Borke et aI.,

1993; Chen et al., 1995), remains to be determined.

9S

Ofparticular interest was the fact that ChAT-IR returned to normal

levels considerably earlier (20 dpo) after hypoglossal nerve transection in

21 dpn rats than after the same injury in adult rats (Armstrong et aI., 1991;

Borke et al., 1993; Rende et al., 1995). The resumption of normal levels

ofChAT was also found earlier after facial nerve transection in 14 and

21 dpn mice compared to adults (Kou et aI., 1995): These findings are

not surprising since target reconnection and recovery of function occurred

more rapidly in young mammals after nerve transection (Lieberman et aL,

1974; Vaughan, 1990). Likewise, young motoneurons that suryive

axotomy and reinnervate their target demonstrate transiently, increased

reflexes and polyinnervation ofthe musculature, as well as, an expanded

dendritic field (O'Hanlon and Lowrie, 1993). In the 21 dpn nerve-



transected rats, the brief increase in ehAT in the lesioned nucleus above

the level in the contralateral, noninjured nucleus may reflect an optimized

interaction between the nerve and its target.
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CHAPTER 4.

Expression ofLow Affinity Nerve Growth Factor Receptor After

Hypoglossal Nerve Injury During Postnatal Development

Material and Methods

Animal Population

Adjacent sections from selected cases from animals euthanized for

the ChAT study discussed in Chapter 3 were used as the animal population

for this study. Hypoglossal nerve crush or nerve transection was

performed in four animals at each of three postnatal ages (10, 14, and 21

dpn) and the animals were euthanized at four different survival times (3, 7,

14, and 20 dpo). A normal developmental series consisted of four rats at

seven different postnatal ages (3, 7,10, 14, 17, 21, and 30 dpn). LNGFR

immunocytochemistry was utilized for the experimental and control series.
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Suraical PrQcedures

Early postnatal rats are insensitive to small dosages of most injected

anaesthetics (Barke, 1982). Therefore, 10 and 14 dpn rats were

anesthetized with ether. For rats 21 dpn or older either 7% chloral hydrate

(0.5 ml per 100 g) or a ketamine/rompun (ketamine [50 mg/kg], rompun

[10 mg/kg]) was used as the anesthetic. The nerve injury was performed

on the right hypoglossal nerve proximal to its bifurcation into medial and

lateral branches. The nerve injuries consisted ofeither a nerve crush for

three minutes using a self-locking needle holder with smooth jaws or a

nerve transection with apposition ofthe cut ends.

Following surgery the pups were returned to their dams. Pup

weights were recorded daily. Supplemental gavage feeding and soft foods

were provided to ensure appropriate weight gain in the young animals.

Twenty-one day and older rats were kept to a standard ad libitum diet of

pellets and water.

ImmunocytQchemistt:y

The rats were reanesthetized at the appropriate postoperative times

and perfused transcardially with a fixative of 4% paraformaldehyde in 0.1

M phosphate buffer (pH 7.2). The brains were removed and postfixed for

two h. The medulla was infiltrated overnight in 30% sucrose at 4° C,



99

freeze-thawed in isopentane and transverse sections were cut at 40 Jlm on

a freezing microtome. Sections of the medulla throughout the length of

the hypoglossal nucleus were collected in Tris buffered saline (TBS; pH

7.6). Adjacent free-floating sections were used for LNGFR

immunoreactivity (LNGFR-IR).

Sections were pretreated with 10% NGS in TBS for 1 h and

incubated 21 h at room temperature in 192 IgG, mouse anti-nerve growth

factor receptor monoclonal antibody (1 :20; Boehringer Mannheim) in

TBS. This antibody recognizes only the non-transducing low affinity NGF

receptor 192 IgG. Sections were washed in TBS and incubated for 2 hat

room temperature in biotinylated horse anti-mouse IgG (1: 100; Vector) in

TBS containing 10% NGS. After a TBS wash, the sections were

incubated at room temperature in ABC ELITE Standard complex (1:50;

Vector) for 2 h. Immunoreactivity was visualized with 3­

3'diaminobenzidine (DAB; 0.06%) and H20 2 (0.005%) in 0.1 M phosphate

buffer. Sections were mounted on glass slides, air dried, and dehydrated,

cleared, and coverslipped with Permount. Controls for the immunocyto­

chemical procedures were processed by omitting the specific primary

antiserum or by using antisera preabsorbed with an excess of the

immunogen. No positive staining was detected after either treatment.



100

Immunocytochemical Analysis

Changes in LNGFR in tissue of intact rats of increasing postnatal

ages and after the 2 types ofnerve injury were examined to determine if

rats of increasing postnatal age exibited alterations in the temporal

expression ofLNGFR in response to peripheral nerve injury.

Results

LNQFR Immunoreactivity

Noninjured Hypoglossal Nuclei

Hypoglossal motoneurons exhibited decreased immunoreactivity for

LNGFR with increasing postnatal age (Fig.I7). Motoneurons and their

processes in the hypoglossal nucleus of 3, 7, and 10 dpn rats (Fig. 17 A, B,

C) demonstrated intense LNGFR-IR. This intense LNGFR staining

decorated the hypoglossal dendritic processes that extended into the lateral

reticular formation (Fig. 17A,B). Marked reduction in LNGFR-IR was

noticed in the hypoglossal nucleus at 14 dpn (Fig. 17D). By 21-30 dpn,

LNGFR..IR had disappeared from the hypoglossal nuclei (Figs. 17E,F).
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Figure. 17. LNGFR-IR in the hypoglossal nuclei ofnonnal, noninjured

rats: A: 3 dpn; B: 7 dpn; C: 10 dpn; D: 14 dpn; E: 21 dpn; F: 30 dpn.
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Injured Hypoglossal Nuclei

Nerve Crush

At 3 dpo after nerve crush to 10 dpn rats LNGFR-IR was of similar

intensity bilaterally. The level ofLNGFR staining was comparable to that

obtained from tissue contained in intact nuclei in 10 dpn noninjured rats

(F~g. 18A compare to 17 C). However, there was an increase in LNGFR­

IR in the neurons and neuropil ofparent hypoglossal nuclei of 14 and 21

dpn rats at 3 dpo after nerve crush (Figs. 19A & 20A). In these rats,

neurons in the contralateral, noninjured nucleus were not immunoreactive

for LNGFR. The failure of 10 dpn rats to demonstrate any early elevation

ofLNGFR-IR over that normally detected in these young rats was the only

age-rerlated difference found in LNGFR-IR after nerve crush. The

increase in LNGFR-IR in the injured nucleus was maximal at 7 dpo for all

3 ages (Figs. 18C, 19C & 20 C). The staining decreased at 14 dpo and

disappeared by 20 dpo in rats injured at 10, 14, and 21 dpn (Figs. 18E,

18G, 19E, 19G, 20E & 20G).

Nerve Transection

For the 10 and 14 dpn rats, nerve transection produced an increase

ofLNGFR-IR that was of less magnitude but of longer duration than the
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Figure. 18. LNGFR-IR in hypoglossal nuclei after unilateral hypoglossal

nerve crush (left side) or transection (right side) in 10 dpn rats A-B: 3 dpo;

C-D: 7 dpo; E-F: 14 dpo; G-H: 20 dpo. The injured motoneurons are

located in the hypoglossal nucleus on the right side in A-H.
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Figure. 19. LNGFR-IR in hypoglossal nuclei after unilateral hypoglossal

nerve crush (left side) or transection (right side) in 14 dpn rats A-B: 3 dpo;

C-D: 7 dpo; E-F: 14 dpo; G-H: 20 dpo. The injured motoneurons are

located in the hypoglossal nucleus on the right side in A-H.
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Figure. 20. LNGFR-IR in hypoglossal nuclei after unilateral hypoglossal

nerve crush (left side) or transection (right side) in 21 dpn rats A-B: 3 dpo;

C-D: 7 dpo; E-F: 14 dpo; G-H: 20 dpo. The injured motoneurons are

located in the hypoglossal nucleus on the right side in A-H.
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elevations produced after nerve crush. In the 10 dpn nerve-transected

series, LNGFR-IR was of the same intensity bilaterally in the hypoglossal

nucleus on the intact and injured sides at 3 dpo as was found in 10 dpn

nerve crush specimens (compare Fig. 18B to 18A). At subsequent

postoperative times in the youngest rats after nerve transection, LNGFR

staining persisted in the nucleus on the injured side, but little (7 dpo) to

practically no (14 dpo & 20 dpo) LNGFR-IR remained in the contralateral,

noninjured nucleus (Figs. 18D,F,H). In 14 dpn rats with transected axons,

slight to moderate elevations of LNGFR-IR were seen in neurons on the

injured side at all 4 postoperative times (3, 7, 14 & 20 dpo), but only an

occasional neuron was immuno-reactive for LNGFR in the intact nucleus

(Figs. 19B,D,F,H). The most marked LNGFR-IR resulted from nerve

transection in 21 dpn rats. The intensity of the LNGFR-IR was elevated

over that found in tissue of injured nuclei from nerve-transected rats ofthe

other 2 ages (10 & 14 dpn), as well as more intense than staining in

injured hypoglossal nuclei after nerve crush in the same age (21 dpn) rats

(compare Fig. 20 to Figs. 18 & 19). Elevated levels ofLNGFR-IR were

maximal at 7 dpo and declined from 14-20 dpo in the 21 dpn rats (Figs.

20D,F,H).
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Discussion

This work described the temporal expression ofLNGFR within

hypoglossal motoneurons during postnatal development and after

peripheral nerve injury. The major findings of the current work were that:

1) as hypoglossal motoneurons matured postnatally LNGFR-IR

disappeared; 2) denervation resulted in a reexpression ofLNGFR-IR

within injured hypoglossal motoneurons; 3) the magnitude ofLNGFR-IR

was greater after nerve crush; and 4) the denervation ofLNGFR-IR was

longer after transection.

Postnatal Development ofLNGFR in Hypoglossal Neurons

This study examined the postnatal expression ofLNGFR in

hypoglossal motoneurons during postnatal development. While LNGFR

is expressed in brainstem and spinal motoneurons during the prenatal

period (E-13-18) (Van & Johnson, 1988; Emfors et aI., 1989) the highest

levels ofLNGFR are not detected until birth and then decrease

progressively to adulthood (Yan & Johnson, 1988). During postnatal

development, LNGFR levels in hypoglossal motoneurons were intense

during the first postnatal week, declined toward the end of the second

postnatal week, and virtually disappeared by the end of the third postnatal

week. The timing of the changes in LNGFR-IR postnatally correlated well
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with earlier studies documenting the progression ofLNGFR expression in

developing brainstem and spinal motoneurons (Yan & Johnson, 1988;

Ernfors et aI., 1989; Chiu et aI., 1993). In one study, levels ofLNGFR in

brainstem and spinal motoneurons peaked around birth, decreased, and

virtually disappeared by the second postnatal week (Van & Johnson,

1988).

The expression ofLNGFR in motoneurons during early postnatal

development is consistent with its requirement for neurotrophic support

during periods of axonal growth and maturation (Ernfors et aI., 1989;

Rende et aI., 1995). The down regulation ofLNGFR postnatally is

thought to be associated with completion ofneurite elongation and

synapse formation as the motoneuron establishes a mature connection with

its target muscle (Yan & Johnson, 1988; Ernfors et aI., 1989; Rende et aI.,

1992). Loss ofLNGFR is consistent with the motoneurons' transition

from target dependence to independence. This transition occurs during the

middle of the first postnatal month (Lowrie & Vrbova, 1992). In the

current work LNGFR disappeared as CGRP and ChAT expression reached

maximal levels (discussed in Chapters 2 and 3).
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Response ofLNGFR to Hypoglossal Nerve Injury during Postnatal

Development

While numerous studies have examined the postnatal expression of

LNGFR in brainstem and spinal motoneurons ofthe rat (Yan & Johnson,

1988; Emfors et aI., 1989; Chiu et a1. 1993), as well as the reexpression of

LNGFR in adult motoneurons after nerve crush or transection (Emfors et

aI., 1989; Wood et aI., 1,990; Armstrong et aI., 1991; Koliatsos et aI., 1991;

Moix et aI., 1991; Saika et aI., 1991b; Greeson et a1.,1992; Hayes et aI.,

1992; Rende et aI., 1992; Chiu et aI., 1993, Rende et aI., 1993; Rende et aI.,

1995), no study has investigated the changes in LNGFR-IR after nerve

injury to rats of increasing postnatal age.

In this work, for 10 and 14 dpn experimental rats, the intensity of

the increase in LNGFR was greater after nerve crush but persisted l0ll:ger

after transection. These findings agree with those obtained after the same

injuries to adult hypoglossal (Wood et aI., 1990; Hayes et aI., 1992; Rende

et aI., 1995) and facial ( Saika et aI., 1991b) motoneurons. In the 21 dpn

experimental rats however, the increase in LNGFR-IR appeared more

marked after nerve transection than nerve crush which has also been

observed in an adult study (Armstrong et aI., 1991). This difference may

be related to the age. However, the fact that even within adult hypoglossal

motoneuron studies there is a lack ofagreement as to which type of injury

triggers the stronger increase in LNGFR (compare Armstrong, et aI., 1991

to Wood et aI., 1990; Hayes et aI., 1992; & Rende et aI., 1995) suggests



114

that additional experiments would be needed to address whether this is a

valid age-related difference.

In agreement with previous studies in the adult rat (Armstrong et aI.,

1991; Saika et aI., 1991b; Hayes et al., 1992; Rende et aI., 1995) the nerve

crush response was maintained for a shorter duration postoperatively

while transection resulted in a longer period ofLNGFR expression. Thus,

the return ofLNGFR-IR was related to the type ofnerve injury not the age

of the injured rat. The timing ofthe disappearance ofLNGFR may be

associated with the period ofaxonal regrowth (Rende et aI., 1992, 1993).

The earlier disappearance ofLNGFR-IR after nerve crush may be related

to the ability of these neurons to more efficiently reinnervate their target

musculature (Hayes et aI., 1992). This idea is strengthened by evidence

discussed in Chapter 2 indicating that motoneurons of rats at 10, 14, and

21 dpn had completely reinnervated the target by 20 dpo (21 dpn) and 40

dpo (10 and 14 dpn) following hypoglossal nerve crush. Additionally,

LNGFR is expressed on Schwann cells on the distal segment of injured

nerve in adult rats for a longer duration after nerve transection compared

to nerve crush (Scherer et aI., 1994) indicating that the signal stimulating

the reexpression ofLNGFR may also have a varied duration of expression

at the injury site. The expression ofneurotrophic factors such as NGF and

BDNF are known to change in a time dependent manner following

peripheral nerve injury (HeumaP..n et aI., 1987; Meyer et aI., 1992;

Funakoshi et aI., 1993; Friedman et aI., 1995a).
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The induction ofLNGFR following peripheral nerve injury is

dependent on a signal from the injury site: LNGFR is not reexpressed if

axonal transport is blocked or if the transected nerve is ligated proximal to

the cut (Moix et aL, 1991; Greeson et aI., 1992; Hayes et aI., 1992).

Neurotrophins are a family of proteins that include NGF, BDNF,

NT-3, and NT-4/5 (Barde, 1989; Glass & Yancopoulos, 1993). While

NGF itselfhas not been found to have an effect in motoneurons via

LNGFR (Yan et aI., 1988) there is increasing evidence that motoneurons

may be responsive to other members of the neurotrophin family since

BDNF, NT-3, and NT-415 also have the capability to bind to LNGFR

(Barde, 1989; Rodriguez-Tebar et al., 1990, 1992; Glass & Yancopoulos,

1993; Yan et al., 1993). The functions of neurotrophins on different

neuronal populations are mediated by the cellular expression ofthe trk

family of tyrosine kinase receptors: Trk A is predominantly activated by

NGF, Trk B by BDNF, NT-3, and NT-415, and Trk C by NT-3. While

motoneurons fail to express the Trk A receptors they are capable of

expressing Trk B and Trk C mRNAs during development (Yan et aL,

1993) and into adulthood (Koliatsos et aI., 1993;Yan et aI., 1993).

Furthermore, target muscle cells normally contain BDNF and NT-3

(Henderson et aI., 1993). Nerve injury up-regulates the expression of

BDNF and NT-4/5 in nonneuronal cells surrounding the distal ends of

injured sciatic nerve (Meyer et aI., 1992; Funakoshi et a1., 1993) as well as

elevates Trk B mRNA in injured motoneurons (Piehl et aI., 1994). Based

on recent studies demonstrating that LNGFR can function as an auxiliary
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molecule for Trk B it has been suggested that the increased expression of

LNGFR following peripheral nerve injury may enhance the sensitivity of

motoneurons to BDNF and NT-4/5 (Friedman et aI., 1995b). The

reexpressio.n ofLNGFR in injured postnatal motoneurons, as well as in

denervated adult motoneurons may serve to concentrate large quantities of

neurotrophic factors that are known to provide trophic support to injured

motoneurons.

These factors may also have putative neurotrophic effects on

motoneurons since labeled BDNF and NT-3 injected into the muscle (Yan

et aI., 1988; Van et a1. 1993) and BDNF and NT-3 injected into the

crushed sciatic nerve (DiStephano et aI., 1992) can be retrogradely

transported. Also, local application ofBDNF, NT-3, and NT-4/5 have

been shown to promote motoneuron survival (Yan et al.,1992; Koliatsos et

aI., 1993; Wong et aI., 1993; Yan et aI.,1993).

Therefore, while reexpression ofLNGFR is not appreciably

different from that observed in adult motoneurons after the same types of

nerve injury its presence strengthens the idea that it serves some role in

injured motoneurons of increasing postnatal ages as well as in adult

motoneurons. Further studies associated with the role ofLNGFR as a

receptor involved in enhanced uptake of trophic factors such as BDNF,

NT-3, and NT-4/5 during times of increased trophic need such as

denervation, would be necessary to further understand the mechanisms

involved in the reappearance of this receptor in response to nerve injury.



CHAPTER 5.

Summary and Conclusions

Progressive changes in the expression ofCGRP, ChAT, and

LNGFR in normal and nerve-injured hypoglossal motoneurons during

postnatal maturation in rats are summarized below.

Calcitonin Gene-Related Peptide

A. Postnatal Changes

Maximal levels ofCGRP-IR were reached at 10 dpn. These

levels were maintained during the first postnatal month but

declined in adult motoneurons.

B. Injury Changes

1) There was an age-dependent progression in a. CGRP

mRNA and its peptide in injured motoneurons.

a. ex. CGRP mRNA was up-regulated soon

after each injury for all age groups.

b. Subsequent elevations were limited to the

21 dpn injury paradigms.

117
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2) Ifthe nerve injury occurs at a postnatal age (21 dpn)

when the CGRP response parallels that ofadult

motoneurons, neuronal survival and reinnervation were

maximized.

Choline Acetyltranseferase

A. Postnatal Changes

Maximal levels ofChAT-IR were reached at 10 dpn and the

intensity of enzyme became conspicuous in the neuropil from

17-30 dpn.

B. Injury Changes

1) The changes in ChAT-IR after nerve crush or

transection in the 10, 14, and 21 dpn rats paralleled

those reported after the same injuries to adult

motoneurons.

2) The timing of the onset ofChAT-IR was not age­

related or injury-related. However, the magnitude of

the initial reduction ofChAT was injury-specific for

the 21 dpn rats but not for the 10 and 14 dpn rats.
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3) In all injury paradigms, ChAT returned to normal

levels by 40 dpo except in the 10 dpn rats nerve

transected rats.

Low-Affinity Nerve Growth Factor

A. Postnatal Changes

Intense levels ofLNGFR-IR in the first postnatal week,

gradually decreased in the second postnatal week and

disappeared by 21 dpn.

B. Injury Changes

Axonal injury resulted in are-expression ofLNGFR-IR within

injured hypoglossal motoneurons.

a. The re-expression ofLNGFR-IR was not age..

related after nerve injury in the 14 and 21 dpn

rats.

b. The magnitude and duration ofLNGFR-IR were

injury specific.
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On the basis ofthese findings, the final conclusions were made.

1. The onset ofchanges in ChAT, LNGFR, and CGRP is the same

after axonal damage to motoneurons in postnatal and adult rats.

2. After onset, the progression ofchanges in ChAT and LNGFR is not

age-related but injury-specific as reported for adult motoneurons.

3. The progression ofchanges in CGRP after onset is age-related and

likely to depend upon the developmental stage ofmotoneuron

interaction with its target andlor its environment.

4. If injury occurs at a postnatal age when the immunoreactive

response ofCGRP parallels that ofadult motoneurons, neuronal

survival can be predicted.



BibliQgrap~

ALTSCHULER, S.M., BAO, X. & MISELIS, R.R. (1994) Dendritic architecture
ofhypoglossal motoneurons projecting to extrinsic tongue musculature in
the rat. Journal a/Comparative Neurology 342,538-550.

A.MARA, S.G., JONAS, V. & ROSENFELD, M. (1982) Alternative RNA
processing in calcitonin gene expression generates rnRNAs encoding
different polypeptide products. Nature 298, 240-244.

A.MARA, S.G., EVANS, R.M. & ROSENFELD, M.G. (1984)
Calcitonin!calcitonin gene-related peptide transcription unit: tissue­
specific expression involves selective use ofalternative polyadenylation
sites. Molecular and Cellular Biology 4, 2151-2160.

A.MARA, S.G., ARRIZA, J. L., LEFF, S. E., SWANSON, L. W., EVANS, R. M. &
ROSENFELD, M. G. (1985) Expression in brain of messenger RNA
encoding a novel neuropeptide homologous to calcitonin gene-related
peptide. Science 229, 1094-1097.

ANTON, E. S., WESKAMP, G., REICHARD, L.F.& MAITHEW, W.O. (1994)
Nerve growth factor and its low-affinity receptor promote Schwann cell
migration. Proceedings a/the National Academy a/Science USA 91,
2795-2799.

ARMSTRONG, D.M., BRADY, R., HERSH, L.B., HAYES, R.C. & WILEY, R.G.
(1991) Expression of choline acetyltransferase and nerve growth factor
receptor within hypoglossal motoneurons following nerve injury. Journal
a/Comparative Neurology 304, 596-607.

121



ARVIDSSON, U., CULLHEIM, S., ULFHAKE, B., HOKFELT, T. AND TERENIus,

L. (1989) Altered levels ofcalcitonin gene-related peptide (CGRP)-like
immunoreactivity ofcat lumbar motoneurons after chronic spinal cord
transection. Brain Research 489, 387-391

ARVIDSSON, U., JOHNSON, H., PIEHL, F., CULLHEIM, S., HOKFELT, T.,
RISLING, M., TERENIUS, L. & DLFHAKE, B. (1990) Peripheral nerve section
induces increased levels ofcalcitonin gene-related peptide (CGRP)-like
immunoreactivity in axotomized motoneurons. Experimental Brain
Research 79, 212-216.

ARVIDSSON, D., PIEHL, F., JOHNSON, H., ULFHAKE, B., CULLHEIM, S. &
HOKFELT, T. (1993) The peptidergic motoneurone. NeuroReport 4, 849­
856.

BARDE, V-A. (1989) Trophic factors and neuronal survivaL Neuron 2,
1525-1534.

BRAIN, S.D., WILLIAMS, T.l., TIPPINS, J.R., MORRIS, H.R. & MAcINTYRE, I.
(1985) Calcitonin gene-related peptide is a potent vasodilator. Nature
313, 54-56.

BOONE, T. & ALDES, L. (1984a) The ultrastructure oftwo distinct neuron
populations in the hypoglossal nucleus ofthe rat. Experimental Brain
Research 54, 321-326.

BOONE, T. & ALDES, L. (1984b) Synaptology ofthe hypoglossal nucleus in
the rat. Experimental Brain Research 57, 22-32.

BORKE, R. C. (1982) Perisomatic changes in the maturing hypoglossal
nucleus after axon injury. Journal of Neurocytology 11, 463-485.

122



BORKE, R.C. (1983) Intrasomatic changes in the maturing hypoglossal
nucleus after axon injury. Journal ofNeurocytology 12, 873-883.

BORKE, R.C., NAU, M.E. & RrNGLER, RL. (1983) Brain stem afferents of
hypoglossal neurons in the rat. Brain Research 269, 47-55.

BORKE, R.C.~ NAU, M.E. & NEWMAN, D.B. (1988) Reticulo- and
trigemino-hypoglossal connections: A quantitative comparison of
ultrastructural substrates. Brain Research Bulletin 21, 795-803.

BORKE, R. C., CURTIS, M. & GINSBERG, C. (1993) Choline
Acetyltransferase and calcitonin gene related peptide immunoreactivity in
motoneurons after different types of nerve injury. Journal 0/
Neurocytology 22, 141-153.

BREWER, P.A. & LYNCH, K. (1986) Stimulation-associated changes in frog
neuromuscular junctions. A quantitative ultrastructural comparison of
rapid-frozen and chemically fixed nerve terminals. Neuroscience 17, 881­
895.

CAVICCI-UOLI~ L., FLANIGAN~T.P., DICKSON, J.G., VANTINI, G., DAL Toso,
R., FUSCO, M., WALSH, F.S. & LEON, A. (1991) Choline acetyltranferase
messenger RNA expression in developing and adult rat brain: regulation
by nerve growth factor. Molecular Brain Research 9, 319-325.

CHEN: E.W., LOERA, S. & CHIU, A.Y. (1995) Target regulation ofa motor
neuron-specific epitope. Journalo/Neuroscience 15, 1556-1566.

CHEN, Y.-S., WANG-BENNEIT, L.T. & COKER, N.J. (1989) Facial nerve
regeneration in the silicone chamber: the influence of nerve growth factor.
Experimental Neurology 103, 52-60.

123



Cmu, A. Y., CHEN, E. W. & LOERA, S. (1993) A motor neuron-specific
epitope and the low-affinity nerve growth factor receptor display
reciprocal patterns ofexpression during development, axotomy, and
regeneration. Journal ojComparative Neurology 328, 351-363.

Cmu, A.Y., CHEN, E.W. & LOERA, S. (1994) Distinct neurotrophic
responses ofaxotomized motor neurons to BDNF and CNTF in adult rats.
NeuroReport 5, 693-696.

CHOMCZ¥NSKI, P. & SACCHI, N. (1987) Single step method ofRNA
isolation by acid guanidinium thiocyanate-phenol-chloroform extraction.
Analytical Biochemistry 162, 156-159.

CONNAUGHTON, M., PRIESTLEY, J.V., SOFRONIEW, M.V., ECKENSTEIN, F. &
CUELLO, A.C. (1986) Inputs to motoneurones in the hypoglossal nucleus
ofthe rat: light and electron microscopic immunocytochemistry for
choline acetyltransferase, substance P and enkephalins using monoclonal
antibodies. Neuroscience 17,205-224.

COOPER, M.H. (1981) Neurons of the hypoglossal nucleus of the rat.
Otolaryngology Head and Neck Surgery 89,10-15.

DISTEPHANO, P.S., FRIEDMAN, B., RAoZIEJEWSKI, C., ALEXANDER, C.,
BOLAND, P., SCHICK, C.M., LINDSAY, R.M. & WIEGAND, S.J. (1992) The
neurotrophins BDNF, NT-3, and NGF display distinct patterns of
retrograde axonal transport in peripheral and central neurons. Neuron 8,
983-993.

DUMOULIN, F.L., RAIVICH, G., STREIT, W.I. & KREUTZBERG, G.W. (1991)
Differential regulation ofcalcitonin gene-related peptide (CGRP) in
regenerating facial nucleus and dorsal root ganglion. European Journal of
Neuroscience 3, 338-342.

124



DUMOULIN, F.L., RAIvICH, G., HAAs, C.A., LAZAR, P., REDDINGTON, M.,
STREIT, W.J. & KREUTZBERG, G.W. (1992) Calcitonin gene-related peptide
and peripheral nerve regeneration. Annals o/the New York Academy 0/
Science 657, 351-360.

ERNFORS, P., HENsCHEN, A., OLSON, L. & PERSSON, H. (1989) Expression
ofnerve growth factor receptor mRNA is developmentally regulated and
increased after axotomy In rat spinal cord motoneurons. Neuron 2, 1605­
1613.

EUSEBI, F., FARINI, D., GRASSI, F., MONACO, L. & RUZZIER, F. (1988)
Effects ofcalcitonin gene-related peptide on synaptic acetylcholine
receptor-channels in rats muscle fibres. Proceedings 0/the National
Academy o/Science, USA 234, 333-342.

FERNANDEZ, H. L. & HODGES-SAVaLA, C. A. (1994) Axoplasmic transport
ofcalcitonin gene-related peptide in rat peripheral nerve as a function of
age. Neurochemical Research 19, 1369-1377.

FONTAINE, B., KLARSFELD, A., HOKFELT, T. & CHANGEUX, J. (1986)
Calcitonin gene-related peptide, a peptide present in spinal cord
motoneurons, increases the number ofacetylcholine receptors in primary
cell cultures ofchick embryo myotubes. Neuroscience Letters 71, 59-65.

FORT, P., MARTY, L., PIECHACZVK, M., SABROUTY, S.E., DANI, C.,
JEANTEUR, P. & BLANCHARD, 1M. (1985) Various adult rat tissues express
only one major mRNA species from the glyceraldehyde-3-phosphate
dehydrogenase multigene family. Nucleic Acids Research 13, 1431-1442.

FRIEDMAN, B., KLEINFELD, D., Ip, N.Y., VERGE, V.M.K., MOULTON, R.,
BOLAND, P., ZLOTCHENKO, E., LINDSAY, R.M. & LIU, L. (1995a) BDNF
and NT-4/5 exert neurotrophic influences on injured adult spinal motor
neurons. Journalo/Neuroscience IS, 1044-1058.

125



FRIEDMAN, B., WONG, V. & LINDSAY, R.M. (1995b) Axons, Schwann cells,
and neurotrophic factors. The Neuroscientist 1, 192-199.

FUNAKOSfU, H., FRISEN, J., BARBANY, G., TIMMUSK, T., ZACHRISSON, 0.,
VERGE, V.M., & PERSSON, H. (1993) Differential expression ofmRNAs for
neurotrophins and their receptors after axotomy ofthe sciatic nerve.
Journal o/Cell Biology 123, 455-465.

GLASS, OJ. & YANCOPOLOS, G.D. (1993) The neurotrophins and their
receptors. Trendiin Cell Biology 3, 262-267.

GRAFSTEIN, B. & MCQUARRIE, I.G. (1978) The role of the nerve cell body
in axonal regeneration. In Neuronal Plasticity (Edited by C. Watson) pp.
315-340. Raven Press:New York.

GREESON, D.M., Morx, L., MEIER, M., ARMSTRONG, D.M. & WILEY, R.G.
(1992) A continuing signal maintains NGF receptor expression in
hypoglossal motor neurons after crush injury. Brain Research 594, 351­
355.

GROTHE, C. (1993) Biphasic increase of calcitonin gene-related peptide­
like immunoreactivity in rat hypoglossal motoneurons after nerve
transection. Acta Histochemistry 94, 20-24.

HAAS, C.A., STREIT, W.J. & KREUTZBERG, G.W. (1990) Rat facial
motoneurons express increased levels of calcitonin gene-related peptide
mRNA in response to axotomy. Journal o/Neuroscience Research 27,
270-275.

HAAs, C. A., DONATH, C., M. & KREUTZBERG, G.W. (1993) Differential
expression of immediate early genes after transection of the facial nerve.
Neuroscience 53, 91-99.

126



HALL, L. L. (1988) A Morphometric Examination ofthe Ultrastructure of
Regenerating Hypoglossal Motoneurons from the Rat and Analysis of
Thyroid Hormone Influence on Motoneuron Structure and Regeneration.
Doctoral Dissertation, Uniformed Services University of the Health
Sciences, Bethesda, MD.

HALL, L.L. & BORKE, R.C. (1988) A morphometric analysis of the somata
and organelles ofregenerating hypoglossal motoneurons motoneurons
from the rat. Journal ofNeurocytology 17, 835-844.

HAREs, K.A.R. & FOSTER, G.A. (1991) Immunohistochemical analysis of
the ontogeny ofcalcitonin gene-related peptide-like immunoreactivity in
the rat central nervous system. Journal ofChemical Neuroanatomy 4, 187­
203.

HAYES, R.C., WILEY, R.G. & ARMSTRONG, D.M. (1992) Induction of nerve
growth factor receptor (p75NGFr

) mRNA within hypoglossal motoneurons
following axonal injury. Molecular Brain Research 15, 291-297.

HEFTI, F. (1986) Nerve growth factor promotes survival of septal
cholinergic neurons after fimbral transections. Journal ofNeuroscience 6,
2155-2162.

HENDERSON, C.E., CAMU, W., METILlNG, C., GOUIN, A., POULSEN, K.,
KARIHALOO, M., RULLAMAS, J., EVANS, T., MCMAHON, S.P., ARMANINI,
M.P., BERKEMEIER, L., PHILLIPS, H.S. & ROSENTHAL, A. (1993)
Neurotrophins promote motor neuron survival and are present in
embryonic limb bud. Nature 363, 266-270.

HERDEGEN, T., FIALLOS-EsTRADA, C., BRAVO, R. & ZIMMERMAN, N.M.
(1993) Colocalisation and covariation ofc-JUN transcription factor with
galanin in primary afferent neurons and with CGRP in spinal motoneurons
following transection of rat sciatic nerve. Molecular Brain Research 17,
147-154.

127



HEUMANN, R., KORSCHING, S., BANDTLOW, C. & THOENEN, H. (1987)
Changes ofnerve growth factor synthesis in nonneuronal cells in response
to sciatic nerve transection. Journal ofCell Biology 104, 1623-1631.

HEUMANN, R. (1986) Regulation of the synthesis ofnerve growth factor.
Journal ofExperimental Biology 132, 133-150.

HOUSER, C.R., CRAWFORD, G.D., BARBER, R.P., SALVATERRA, P.M. &
VAUGHN, J.E. (1983) Organization and morphological characteristics of
cholinergic neurons: an immunocytochemical study with a monoclonal
antibody to choline acetyltransferase. Brain Research 266, 97-119.

IBOOZ, C.F., ERNSFORS, P. & PERSSON, H. (1991) Developmental and
regional expression ofcholine acetyltransferase mRNA in the rat central
nervous system. Journal ofNeuroscience Research 29, 163-171.

INAISID, Y., KASHIHARA, Y., SAKAGUCHI, M., NAWA, H. & KUNO, M.
(1992) Cooperative regulation ofcalcitonin gene-related peptide levels in
rat sensory neurons via their central and peripheral processes. Journal of
Neuroscience 12, 518-524.

ISHIDA-YAMAMOTO, A. & ToRYAMA, M. (1989) Calcitonin gene-related
peptide in the nervous tissue. Progress in Neurobiology 33, 335-386.

ITOH, K., KONISHI, A., NOMURA, S., MIZUNO, N., NAKAMURA, Y. &
SUGIMOTO, T. (1979) Application ofcoupled oxidation reaction to electron
microscopic demonstration of horseradish peroxidase: cobalt-glucose
oxidase method. Brain Research 175, 341-346.

JINNAI, K., CHIHARA, K., KANDA, F., TADA, K. & FunTA, T. (1989)
Calcitonin gene-related peptide enhances spontaneous release from the rat
motor nerve terminaL Neuroscience Letters 103, 64-68.

128



JOHNSON, JR. ,E.M., TANIUCID, M. & DISTEFANO, P.S. (1988) Expression
and possible function ofnerve growth factor receptors on Schwann cells.
Trends in Neuroscience 11, 299-304.

KASHIHARA, Y., SAKAGUCIll, M. & KUNO, M. (1989) Axonal distribution
ofendogenous calcitonin gene-related peptide in rat peripheral nerve.
Journalo/Neuroscience 9, 3796-3802.

KEYNES, R. J. (1987) Schwann cells during neural development and
regeneration: leaders or followers? Trends in Neuroscience 10, 137-139.

KNYIHAR-CSILLIK, CSILLIK, B., & OESTREICHER, A.B. (1992) Light and
electron microscopic localization of B-50 (GAP43) in the rat spinal cord
during transganglionic degenerative atrophy and regeneration. Journal 0/
Neuroscience Research 32, 93-109.

KOBAYASHI, R.M., BROWNSTEIN, M., SAAVEDRA, J.M. & PALKOVlTS, M.
(1975) Choline acetyltransferase content in discrete regions of the rat
brain stem. Journal o/Neurochemistry 24,637-640.

KOLIATSOS, V.E., CRAWFORD, T.O. & PRICE, D.L. (1991) Axotomy induces
nerve growth factor receptor immunoreactivity in spinal motor neurons.
Brain Research 549, 297-304.

KOLIATSOS, V.E., CLATIERBUCK, R.E., WINSLOW, J.W., CAYOUETIE, M.H.
& PRICE, D.L. (1993) Evidence that brain-derived neurotrophic factor is a
trophic factor for motor neurons in vivo. Neuron 10, 359-367.

KOLIATSOS, V.E., PRICE, W.!., PARDO, C.A.·& PRICE, D.L. (1994) Ventral
root avulsion: an experimental model ofdeath of adult motor neurons.
Journal a/Comparative Neurology 342, 35-44.

129



KONIGSMARK, B. (1970) Methods for the Counting ofNeurons. In
Contemporary Research Methods in Neuroanatomy (Edited by Nautarn W.
and Ebbesson, S.) pp. 315-340. New York:Springer-Verlag.

Kou, S.-Y., CHill, A.Y. & PATIERSON, P.R. (1995) Differential regulation
of motor neuron survival and choline acetyltransferase expression
following axotomy. Journal o/Neurobiology 27,561-572..

KRAMMER, E..B., RATH, T. & LISCHKA, M. (1979) Somatotopic
organization of the hypoglossal nucleus: An HRP study in the rat. Brain
Research 170, 533-537.

KRUGER, L., MANY'TH, P.W., STERNINI, C., BRECHA, N. & MANTYH, C.R.
(1988) Calcitonin gene-related peptide (CGRP) in the rat central nervous
system: patterns of immunoreactivity and receptor binding sites.. Brain
Research 463, 223-244.

KUBOTA, Y. INAGAKI, S., SHIMADA, S., GIRGIS, S., ZADI, M., MACINTYRE,

L, TOHYAMA, M. & KITO, S. (1988) Ontogeny ofthe calcitonin gene­
related peptide in the nervous system ofthe rat brain stem: an
immunohistochemical analysis. Neuroscience 26, 905-926.

LABLANC, A.C. & PODUSLO, I.F. (1990) Axonal modulation of myelin
gene expression in the peripheral nerve. Journal o/Neuroscience
Research 26, 317-326.

LAMS, B.E., ISACSON, O. & SOFRONIEW, M.V. (1988) Loss of transmitter­
associated enzyme staining following axotomy does not indicate death of
brainstem cholinergic neurons. Brain Research 475, 401-406..

LARGE, T.H., BODARY, S.C., CLEGG, D.O., WESKAMP, G., OTIEN, U. &
REICHARDT, L.F. (1986) Nerve growth factor gene expression in the
developing rat. Science 234,352-355.

130



LAUFER, R. & CHANGEUX, J. (1987) Calcitonin gene-related peptide
elevates cyclic AMP levels in chick skeletal muscle: possible neurotrophic
role for coexisting neuronal messenger. EMBO Journal 6, 901-906.

LI, J. & DAHLSTROM, A. B. (1992) Development of calcitonin-gene-related
peptide, chromogranin A, and synaptic vesicle markers in rat motor
endplates, studied using immunofluorescence and confocal laser scanning.
Muscle & Nerve 15, 984-992.

LI, J. & DAHLSTROM, A. B. (1993) Distribution ofGAP-43 in relation to
CGRP and synaptic vesicle markers in rat skeletal muscles during
development. Developmental Brain Research 74, 269-282.

LIEBERMAN, A.R. (1971) The axon reaction: a review of the principal
features ofperikaryal responses to axon injury. International Review 0/
Neurobiology 14,49-124.

LIEBERMAN, A.R. (1974) Some factors affecting retrograde neuronal
responses to axonal lesion. In Essays Qll the Nervous System (Edited by
Bellairs, R. and Gray, E.) pp.71-105. Oxford:Clarendon Press.

LOWRIE, M.B. & VRBovA, G. (1992) Dependence of postnatal
motoneurons on their targets: review and hypothesis. Trends in
Neuroscience 15, 80-84.

MADORE, N., SAGOT, Y., GUINAUDY, M.J., COCHARD, P. & SWERTS, J.P.
(1994) Long-lasting accumulation ofhemopexin in permanently
transected peripheral nerves and its down-regulation during regeneration.
Journal o/Neuroscience Research 39, 186-194.

131



MARLIER, L., RAJAOFETRA, N., N., PERE1TI-RENuCCI, R., KACHIDIAN, P.,
POULAT, P., FEUERSTEIN, C. & PRIVAT, A. (1990) Calcitonin gene-related
peptide staining intensity is reduced in rat lumbar motoneurons after
spinal cord transection: a quantitative immunocytochemical study.
Experimental Brain Research 82,40-47.

MATTEOLI, M., HAIMANN, C., TORRI-TARELLI, F., POLAK, J.M., CECCARELLI,
B. & DECAMILLI, P. (1988) Differential effect ofalpha-Iatrotoxin on
exocytosis from small synaptic vesicles and from large dense..core vesicles
containing calcitonin gene-related peptide at the frog neuromuscular
junction. Proceedings ofthe National Academy ofScience USA 85, 7366­
7370.

MATTEOLI, M., BALBI, S., SALA, C., CHlNI, B., CIMINO, M., VITADELLO, M.
& FUMAGALLI, G. (1990) Developmentally regulated expression of
calcitonin gene-related peptide at mammalian neuromuscular junction.
Journal ofMolecular Neuroscience 2, 175-184.

MATTHEWS, M.R. & RAISMAN, G. (1972) A light and electron microscopic
study of the cellular response to axonal injury in the superior cervical
ganglion of the rat. Proceedings ofthe Royal Society ofLondon (Biology)
181,43-79.

MEIRl, H., SPIRA, M.E. & PARNAS, I. (1981) Membrane conductance and
action potential ofa regenerating axonal tip. Science 211, 709-712.

MEYER, M., MATSUOKA, I., WETMORE, C., OLSON, L. & THOENEN, H.
(1992) Enhanced synthesis ofbrain-derived neurotrophic factor in the
lesioned peripheral nerve: different mechanisms are responsible for the
regulation ofBDNF and NGF mRNA. Journal a/Cell Biology 119, 45­
54.

132



MOIX, L.I., GREESON, D.M., ARMSTRONG, D.M. & WILEY, R.G. (1991)
Separate signals mediate hypoglossal motor neuron response to axonal
injury. Brain Research 564, 176-180.

MORARA, S., STERNINI, C., PROVINI, L. & ROSINA, A. (1995)
Developmentally regulated expression of a. and J3-calcitonin gene-related
peptide mRNA and calcitonin gene-related peptide immunoreactivity in
the rat inferior olive. Journal o/Comparative Neurology 354, 27-38.

MULLE, C., BENOIT, P., PINSET, C., ROA, M. & CHANGEUX, J.P. (1988)
Calcitonin gene-related peptide enhances the rate ofdesensitization ofthe
nicotinic acetylcholine receptor in cultured mouse muscle cells.
Proceedings o/the National Academy o/Science USA 85, 5728-5732.

NEW, H.V. & MUDGE, A.W. (1986) Calcitonin gene-related peptide
regulates muscle acetylcholine receptor synthesis. Nature 323, 809-811.

NOGUSID, K., SENBA, E., MORITA, Y., SATO, M. & TAHYAMA, M. (1990)
a-CGRP and J3-CGRP mRNA's are differentially regulated in the rat
spinal cord and dorsal root ganglion. Molecular Brain Research 7, 299­
304.

OnUTOLA, A.B. (1976) Cell grouping and Golgi architecture of the
hypoglossal nucleus of the rat. Otolaryngology, Head and Neck Surgery
89, 10-15.

O'HANLON, G.M. & LOWRIE, M.B. (1993) Evidence for age-dependent
changes in motoneuron dendritic morphology following neonatal nerve­
crush in the rat. Neuroscience 57, 995-1005.

PATTERSON, P.H. & NAWA, H. (1993) Neuronal differentiation
factors/cytokines and synaptic plasticity. Cell/Neuron Review Supplement
10, 123-137.

133



PHELPS, P.E., BARBER, R.P., HOUSER, C.R., CRAWFORD, G.D.,
SALVATERRA, P.M. & VAUGHN, J.E. (1984) Postnatal development of
neurons containing choline acetyltransferase in rat spinal cord: An
immunocytochemical study.Journal o/Comparative Neurology 229,347­
361.

PHELPS, P.E., BARBER, R.P. & VAUGHN, J.E. (1991) Embryonic
development of choline acetyltransferase in thoracic spinal motor neurons.
Somatic and autonomic neurons may be derived from a common cellular
group. Journal o/Comparative Neurology 307, 77-86

PIEHL, F., ARVIDSSON, U., JOHNSON, H., CULLHEIM, S., VILLAR, M.,
DAGERLIND, A, TERENIUS, L., HOKFELT, T. & ULFHAKE, B. (1991)
Calcitonin gene-related peptide (CGRP)-like immunoreactivity and CGRP
mRNA in rat spinal cord motoneurons after different types of lesions.
European Journal o/Neuroscience 3, 737-757.

PIEHL, F., FRISEN, J., RIsLING, M., HOKFELT, T & CULLHEIM, S. (1994)
Increased trk B mRNA expression by axotomized motoneurons.
Neuroreport 5, 697-700.

POPPER, P. & MICEVYCH, P.E. (1989) Localization ofcalcitonin gene­
related peptide and its receptors in a striated muscle. Brain Research 496,
180-186.

POTIS, J.D., DAGLE, J.M., WEEKS, D.L., WALDER, I.A. & RUNYAN, R.B.
(1990) Epithelial-mesenchymal transformation by cardiac endothelia is
inhibited by a modified antisense oligodeoxynucleotide to TGFJ33.
Proceedings a/the National Academy o/Science USA 88,1516-1520.

RAIVICH, G. & KREUTZBERG, G.W. (1993) Peripheral nerve regeneration:
role of growth factors and their receptors. International Journal of
Developmental Neuroscience 11, 311-324.

1'34



RENDE, M., HAGG, T., MANTHORPE, M. & VARON, S. (1992) Nerve growth
factor receptor immunoreactivity in neurons ofthe normal adult rat spinal
cord and its modulation after peripheral nerve lesions. Journal 0/
Comparative Neurology 319, 285-298.

RENDE, M., PROVENZANO, C. & TONALI, P. (1993) Modulation of low­
affinity nerve growth factor receptor in injured adult rat spinal cord
motoneurons. Journal o/Comparative Neurology 338, 560-574.

RENDE, M., GIAMBANCO, L, BURATIA, M. & TONALI, P. (1995) Axotomy
induces a different modulation of both low-affinity nerve growth factor
receptor and choline acetyltransferase between adult rat spinal and
brainstem motoneurons. Journal o/Comparative Neurology 363, 249-263.

RETHELYI, M., MOHAPATRA, N. K., METZ, C. B., PETRUSZ, P. & LUND, P.K.
e1991) Colchicine enhances mRNAs encoding the precursor ofcalcitonin
gene-related peptide in brainstem motoneurons. Neurosience 42, 531-539.

RODRlGUEZ-TEBAR, A., DECHANT, G. & BARDE, V-A (1990) Binding of
brain-derived neurotrophic factor to the nerve growth factor receptor.
Neuron 4, 487-492.

RODRlGUEZ-TEBAR, A., DECHANT, G., GOTZ, R. & BARDE, V-A (1992)
Binding ofneurotrophin-3 to its receptors and interactions with nerve
growth factor and brain-derived neurotrophic factor. EMBO Journal 11,
917-922.

ROSENFELD, M.G., MERMOD, J.J., AMA.RA, S.G., SWANSON, L.W.,
SAWCHENKO, P.E., RIVIER, 1., VALE, W.W. & EVANS, R.M. (1983)
Production of a novel neuropeptide encoded by the calcitonin gene via
tissue-specific RNA processing. Nature 304, 129-135.

135



SAlKA, T, SENBA, E., NOGUSID, K., SATO, M., KUBO, T., MATSUNAGA, T. &
TOHYAMA, M. (1991a) Changes in expression of peptides in rat facial
motoneurons after facial nerve crushing and resection. Molecular Brain
Research 11, 187-196.

SAlKA, T, SENBA, E.. , NOGUSHI, K.. , SATO, M., YOSHIDA, S.. , KUBO, T.,
MATSUNAGA, T. & ToHYAMA, M .. (1991b) Effects ofnerve crush and
transection on mRNA levels for nerve growth factor receptor in the rat
facial nucleus. Molecular Brain-Research 9, 157-160.

SALA, C., ANOREOSE, 1.S., FUMAGALLI, G. & L0MO, T (1995) Calcitonin
gene-related peptide: possible role in formation and maintenance of
neuromuscular junctions. Journal o/Neuroscience 15, 520-528.

SARASA, M., TERRADO, J., MENGOD, G., CLIMENT, S., MUNIESA, P. &
PALACIOS, 1.M. (1996) Differential expression ofa-CGRP and f3-CGRP
genes within hypoglossal motoneurons in response to axotomy. Molecular
Brain Research 35,269-277.

SCHERER, S..S.., WANG, D., KUHN, G., LEMKE, G., WRABETZ, L . &
KAMHOLZ, J. (1994) Axons regulate Schwann cell expression of the POU
transcription factor selP. Journal o/Neuroscience 14,1930-1942.

SKOTFITSCH, G. & JACOBOWITZ,D.M. (1985) Calcitonin gene-related
peptide:detailed immunohistochemical distribution in the central nervous
system. Peptides 6,21-45.

SNEDECOR, G.W. & COCHRAN, W.G. (1980) Statistical Methods. Seventh
ed. Ames, Iowa: Iowa State University Press.

SNIDER,W. & THANEDAR, S. (1989) Target dependence ofhypoglossal
motor neurons during development and in maturity. Journal 0/
Comparative Neurology 279, 489-498.

136



SNIDER, W., ELLIOT[, J. L. & YAN, Q. (1992) Axotomy-induced neuronal
death during development. Journal ofNeurobiology 23, 1231-1246.

STREIT, W.J., DUMOULIN, F.L., RAIVICH, G. & KREUTZBERG, G.W.. (1989)
Calcitonin gene-related peptide increases in rat facial motoneurons after
peripheral nerve transection. Neuroscience Letters 101, 143-148.

SVENSSON, M. & ALOSKOGIUS, H. (1993) Evidence for activation of the
complement cascade in the hypoglossal nucleus following peripheral
nerve injury. Journal ofNeuroimmunology 40,99-109.

TAKAMI, K., KAWAI, K., SHIOSAKA, S., LEE, Y., GIRGIS, S., HILLYARD, C.J.,
MAcINTYRE, I., EMSON, P.C. & TOYAMA, M.(1985a) Immunohistochemical
evidence for the coexistence ofcalcitonin gene-related peptide- and
choline acetyltransferase-like immunoreactivity in neurons of the rat
hypoglossal, facial and ambiguus nuclei. Brain Research 328, 386-389.

TAKAMI, K., KAWAI, K., UCHIDA, S., TOYAMA, M., SHIOTANJ, Y., YOSfllDA,
H., EMSON, P.C., GIRGIS, S., HILLYARD, C.J. & MACINTYRE, I. (1985b)
Effect of calcitonin gene-related peptide on contraction ofstriated muscle
in the mouse. Neuroscience Letters 60, 217:230.

TAKASU, N., NAKATANI, T., ARIKUNI, T. & KIMURA, H. (1987)
Immunocytochemical localization ofy-aminobutyric acid in the
hypoglossal nucleus ofthe macaque monkey, Macacafuscata: A light and
electron microscopic study. Journal Comparative Neurology 263,42-53.

TANIUCHI, M., CLARK, H.B., AND JOHNSON, E.M. (1986) Induction ofnerve
growth factor receptor in Schwann cells after axotomy. Proceedings ofthe
National Academy o/Science USA 83,4094-4098.

137



TORIGOE, K., TANAKA, H., TAKHASID, A., AWAVA, A.. & HASIDMOTO, K.
(1996) Basic behavior ofmigratory Schwann cells in peripheral nerve
regeneration. Experimental Neurology 137,301-308.

TRACHTENBURG, J. & THOMPSON, W. (1996) Schwann cell apoptosis at
developing neuromuscular junctions is regulated by glial growth factor.
Nature 379, 174-177.

TuCEK, S. (1990) The synthesis ofacetylcholine: twenty years ofprogress.
Progress in Brain Research 84, 467-477.

UCHIDA, S., YAMAMOTO, H., 110, S., MATSUMOTO, N., WANG, X.,
YONEHARA, N., IMAl, Y., INOKI, R. & YOSIDDA, H. (1990) Release of
calcitonin gene-related peptide-like immunoreactive substance from the
neuromuscular junction by nerve excitation and its action on striated
muscle. Journal o/Neurochemistry 54, 1000-1003.

VAUGHN, D.W. (1990) The effects ofage on enzyme activities in the rat
facial nucleus following axotomy: acetylcholinesterase and cytochrome
oxidase. Experimental Neurology 109, 224-236.

VENEZIE, R.D., TOEWS, A.D., & MORELL, P. (1995) Macrophage
recruitment in different models of nerve injury:lysozyme as a marker for
active phagocytosis. Journal o/Neuroscience Research 40, 99-107.

VERGE, V.M.K., RIOPELLE, R.I. & RICHARDSON, P.M. (1989) Nerve growth
factor receptors on normal and injured sensory neurons. Journal of
Neuroscience 9, 914-922.

WAINER, B.H., LEVEY, A.I., MUFSON, E.J. & MESULAM, M.-M. (1984)
Cholinergic systems in mammalian brain identified with antibodies
against choline acetyltransferase. Neurochemistry International 6, 163­
182.

138



WATSON, W.E. (1968) Observations ofthe nucleolar and total cell body
nucleic acids of injured nerve cells. Journal ofPhysiology 186, 655-676.

WEISER, M., BAKER, H. & JOH, T.R. (1994) Gene expression in central
cholinergic neurons in response to axotomy and deafferentation. Synapse
16, 81-92.

WONG, V., ARRIAGA, R., Ip, N.Y. & LINDSAY, R.M. (1993) The
neurotrophins BDNF, NT-3 and NT-4/5, but not NGF, up-regulate the
cholinergic phenotype ofdeveloping motor neurons. European Journal of
Neuroscience 5, 466-74.

WOOD, S.J., PRITCHARD, J. & SOFRONIEW, M.V. (1990) Re-expression of
nerve growth factor receptor after axonal injury recapitulates a
developemtnal event in motor neurons: differential regulation when
regeneration is allowed or prevented. European Journal o/Neuroscience
2,650-657.

WOOTEN, G.F., PARK, D.H., JOR, T.H. & REIS, D.L. (1978)
Immunochemical demonstration of reversible reduction in choline
acetyltransferase concentration in rat hypoglossal nucleus after
hypoglossal nerve transection. Nature 275, 324-325.

YAN, Q. & JOHNSON, E.J., Jr. (1988) An immunohistochemical study of
nerve growth factor receptor in developing rats. Journal ofNeuroscience
8, 3481-3498.

YAN, Q., SNIDER, W.O., PINZONE, 1.J. & JOHNSON, E.M., JR. (1988)
Retrograde transport ofnerve growth factor (NGF) in motoneurons of
developing rats: "assessment of potential neurotrophic effects. Neuron 1,
335-343.

139



YAN, Q., ELLIOTI, J.L. & SNIDER, W.O. (1992) Brain-derived neurotrophic
factor rescues spinal motor neurons from axotomy-induced cell death.
Nature 360, 753-755.

YAN, Q., ELLIOTI, J.L., MATHESON, C., SUN, J., ZHANG, L., Mu, X., REx,
K.L. & SNIDER, W.O. (1993) Influences ofneurotrophins on mammalian
motoneurons in vivo. Journal o/Neurobiology 24, 1555-1577.

VAN, Q., MATHESON, C., LOPEZ, O.T. & MILLER, J.A. (1994) The
biological responses ofaxotomized adult motoneurons to brain-derived
neurotrophic factor. Journalo/Neuroscience 14, 5281-5291.

ZHAO, Q., DAHLIN, L.B., KANJE, M. & LUNDBORG, G. (1992) The
formation ofa 'pseudo-nerve' in silicone chambers in the absence of
regenerating axons. Brain Research 592, 106-114.

140




